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Life after death 


Restricting access to US death records could have serious consequences for long-term health 
studies. Government agencies should rethink their decision. 


who rely on dialysis. Trans fats are bad for your health. High 

alcohol consumption is linked with increased rates of breast 
cancer. High caffeine consumption is not. Daily aspirin use is associ- 
ated with a reduced risk of death from cancer. 

Large and long-term population studies have revealed these and 
other important findings. All required access to death records, which 
a policy from the US Social Security Administration (SSA) is making 
more difficult and more expensive. 

The SSA produces the Death Master File, or Social Security Death 
Index, which includes more than 89 million records and lists names, 
death dates and social-security numbers. Data come from state gov- 
ernments, postal authorities, financial institutions, relatives of the 
deceased, health-care providers and funeral homes, and are updated 
weekly; the file has been publicly available since 1980. Last November, 
however, the SSA stopped making state death data generally available, 
saying that such information is protected by privacy laws. 

Some 4 million entries have been removed from the public file 
because of privacy concerns. In future, an estimated 1 million of the 
2.8 million records collected each year by the SSA will no longer be 
made public. That will make it much harder for researchers to track 
down whether a participant in a study has moved or died. It could also 
prevent researchers from collecting accurate details about circumstances 
of death while the memories of relatives and health providers are fresh. 

Researchers involved in US longitudinal and cohort studies such as 
the Nurses’ Health Study and the Framingham Heart Study routinely 
consult the Death Master File, as do those at the Scientific Registry of 
Transplant Recipients. It was used to verify deaths in the Cancer Preven- 
tion Study II, and so has contributed to more than 200 published studies 
from the American Cancer Society. Health networks and funders must 
know who has died so that they can evaluate quality of care, the long- 
term benefits of a procedure or the risks of an intervention. 

But fraudsters also have uses for death records: criminals can use the 
listed social-security numbers for identify theft. However, the benefits 
of restricting access to the database to curtail fraud must be weighed 
carefully against the real potential for harm to public health. With- 
out access to death records, research in all areas of medicine will be 
hindered. Ironically, efforts to prevent other kinds of fraud will also 
be obstructed, because the records can be used to check whether the 
holder of a social-security number has died. 

There are other sources of death records. Investigators can submit 
the names of study participants to the Centers for Disease Control and 
Prevention (CDC), which will then search its National Death Index 
for matches in data supplied by the states. This index is more complete 
than the Death Master File, but it is updated less frequently — only 
every 18 months or so. It is also less convenient to use, and more costly. 
The CDC must pay states for their records, and these costs are passed 
on to researchers. The agency is working closely with state offices to 


Pp eople who receive kidney transplants live twice as long as those 


adopt electronic filing systems that can keep lists more current, but 
the costs are unlikely to come down. 

Even studies that already rely on the CDC still use the Death Master 
File for corroboration and extra information. Without access to this 
resource, researchers will need to spend further research dollars and 
effort on tracking down participants. They may have to send expensive 
signed-for letters to ensure that they reach someone, or chase through 
defunct contact information. The quality of studies will suffer. The 
more participants are lost to follow-up, the 


“Thereis alot of jess certain will be the conclusions of long- 
room between standing, labour-intensive cohort studies. 

making data The SSA should reconsider its decision to 
accessible withhold information. Everyone involved 
indiscriminately — should work to find a compromise that 
and cutting off minimizes the risks of identify theft while 
access.” maintaining researchers access to all the data 


in the Death Master File. 

Before the latest policy took effect, nearly anyone could gain access 
to the records. Genealogy sites posted data for free or at minimal cost, 
and it is true that these records were easy pickings for identity thieves. 
However, there is a lot of room between making data accessible indis- 
criminately and cutting off access. The medical community is accus- 
tomed to working with sensitive, confidential information. To give 
accredited researchers access to death records, the SSA could adopt 
registration and permissions systems similar to those used for viewing 
and receiving medical information. 

Given how many federal dollars will be wasted if access to the Death 
Master File is restricted — and how many public-health benefits will 
be lost or delayed — officials must work urgently to make these crucial 
records available for research once again. = 


Global reach 


The increasing internationalization of science 
offers many benefits, but also has limitations. 


four nations — but newspaper headlines and press releases were 
eager to spread the glory further. Whereas France’s President 
Francois Hollande called Serge Haroche’s physics win “a source of 
national pride’, Helga Nowotny, president of the European Research 
Council, described the same award as affirmation of her agency’s 
investment in talent. 
The Korea Herald, meanwhile, found a local connection to US 
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researcher Robert Lefkowitz’s chemistry Nobel — two Korean scien- 
tists, Jihee Kim and Seungkirl Ahn, are currently working in his lab. 

And although Japan's Shinya Yamanaka was personally congratu- 
lated by Prime Minister Yoshihiko Noda on his award in physiol- 
ogy or medicine, the San Jose Mercury News preferred to focus on 
Yamanaka’s training at the Gladstone Institutes in San Francisco, 
California, which, the paper said, recognized his talents back in 1993, 
when they hired him (Yamanaka still has a lab there). 

Reactions such as these show how national pride and prestige still 
matter in an increasingly internationalized science system. The ultimate 
expression of that tension will surely come when the discovery of the 
Higgs boson — to which thousands of researchers and funds from tens 
of countries contributed — is rewarded with a call from Stockholm. 

This week, Nature examines the globalization of science (see 
page 325). According to the US National Science Foundation (NSF), 
almost one-quarter of research articles in 2010 featured authors from 
more than one country, up from 10% in 1990. The average number of 
authors on research papers, which now stands at 4.5, has doubled since 
1980. Many areas of science are becoming international, not local, 
pursuits; researchers are increasingly criss-crossing the globe and 
becoming accustomed to working in two or three countries at once. 

Yet although science is increasingly globalized — at least in terms of 
research outputs and collaborations — it is still funded and managed 
ona largely national basis. This may need to change. Joining up national 
priorities could allow economies of scale, possibly to the benefit of 
research into global challenges such as energy, climate and agriculture. 


The head of the NSE, Subra Suresh, offers a vision of the future on 
page 337 in which some of the barriers to cross-border scientific col- 
laboration have been removed. Suresh hopes that the Global Research 
Council can begin to collectively steward global science as if it were 
a national activity. 

If the globalizing trend does continue, it could change the way that 
national governments view the outputs of science. Countries may even 

feel that, instead of insisting on making and 


“Joining exploiting their own discoveries, it is more 
up national efficient to capitalize on the breakthroughs 
priorities could made by others. South Korea and the United 
allow economies _ States are rapidly becoming the centres of gra- 
of scale. a phene manufacturing, for instance, despite 


the 2010 physics Nobel being awarded to 
graphene researchers at the University of Manchester, UK. 

Yet there are limits to internationalization. Mobility cannot stretch 
infinitely: relationships, families and quality of life put limits on how 
much researchers want to travel, and for how long. Meanwhile, some 
national research systems, such as that of Japan, are not particularly 
flexible and discourage scientists from spending too much time abroad. 

And blurring the borders of national priorities may not be all good. 
Some countries are just beginning to build their own research capacity. 
Collaboration may allow them to share in the advances of others, but 
it could also start to dilute their national identity, subjugating local 
research priorities to the interests of larger nations. Striking the bal- 
ance between local and global science will be the challenge. m 


Badger away 


Charges that the UK badger-shooting policy 
ignores evidence are wide of the mark. 


to press, licensed marksmen were getting ready to take aim at 

badgers — a native species that is a known carrier of bovine 
tuberculosis (TB). By the time you read this, the first shots in a long 
and bloody conflict may have been fired. 

Scientists are outraged. Many researchers insist that the govern- 
ment has ignored the data in favour of a policy to appease farmers. 
But the evidence suggests something else: politicians have reviewed 
the science and have responded to it. The resulting policy is far from 
what many scientists would have hoped, but it is nevertheless based 
on evidence. 

As described on page 317, the badger question is one of the most- 
studied environmental problems in modern Britain. At issue is the 
degree to which badgers (Meles meles) contribute to the spread of 
bovine TB — an economically costly disease — and whether killing 
them can help to control it. Decades of study have led to a clear scientific 
answer of “a fair bit” to the first question and “maybe” to the second. 

More specifically, an extensive, randomized study showed a roughly 
23% reduction in bovine TB over a 9-year period of badger culling in 
small areas. The same study, however, concluded that catching the 
badgers in cages and shooting them was unlikely to be economically 
practical and therefore advised against it. 

On the basis of that evidence, the previous, Labour government 
decided not to instigate a badger cull. The present Conservative-led 
government sees things differently. With a cheaper cull strategy that 
relies on free shooting instead of traps, the government believes badger 
culling might help to reduce bovine TB, which has been rising steadily. 

Scientists have not been excluded from this decision. In April 2011, 
the Department for Environment, Food and Rural Affairs convened 
a panel of scientists to review the evidence and advise on whether a 
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cull could work. The scientists, including several who now actively 
oppose the government's policy, gave a qualified ‘yes. Culling could 
reduce bovine TB by perhaps 16% over 9 years, the scientists said, but 
it would be difficult to know if free shooting would work because it 
differed from the method tested in the previous trial. 

Partly on the basis of that analysis, the government seems to think 
that it’s worth a shot. In combination with other techniques, such as 
increased monitoring and controls on cattle movements, it hopes that 
the badger cull can bring bovine TB under control. The politicians 
accept the modest reduction that scientists say the cull may bring, and 
have adopted scientific recommendations for how best to implement 
it, such as using rivers and roads as boundaries for their cull areas and 
setting a 70% target for the number of badgers killed (although know- 
ing when this target has been reached will be difficult, because there 
has been no census of badger populations). 

Scientists protest that this decision is still unscientific, because the 
methods to be used are too different from those of the original trial 
and because the evidence suggests that they may not work. There is a 
chance that the cull will have little impact or could even increase the 
TB rate if improperly conducted. 

But it is the government's job to create and implement policy, not to 
perform science experiments. Politicians must make decisions every 
day with imperfect knowledge, knowing that many of those choices 
may turn out to be ineffective. In this case, they feel a need to do some- 
thing to bring bovine TB under control — or at least to be seen to be 
trying to do so. They also face considerable pressure from unhappy 
farmers who are being told to implement costly biosecurity measures 
while badgers run free. 

Politicians all too frequently ignore scientific evidence, or worse 
still, distort it for their own purposes. The political debates over geneti- 
cally modified food in Europe and climate change in the United States 
in recent years hold many examples of such behaviour. The badger 
issue is more nuanced. Politicians have understood the evidence, have 
acknowledged this evidence publicly and have 
made a policy that partially reflects it. Scientists 
have every right to disagree with the conclusion, 
but they should reconsider their criticisms of 
how it was reached. m 
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frenzy that followed, I have had no time for deep reflection. But 

the past weekend, which began with a rainy day in Paris, allowed 
me to collect my thoughts on questions asked over and over again dur- 
ing the past few days. What has made this Nobel prize possible? What 
is your research useful for? What would you say to decision-makers 
at a time when they are ready to listen? 

The research recognized last week is the fruit of a long quest, initiated 
35 years ago, when my present colleague and co-worker Jean-Michel 
Raimond was my PhD student. With Michel Brune, who joined us ten 
years later, and the research group we built, we learned to juggle with 
atoms and photons — to prepare and to manipulate those strange entan- 
gled states that are the essence of the quantum 
world. We had exhilarating moments, when an 
expected phenomenon revealed itself: Equally, we 
had to deal with catastrophic equipment failures, 
correct the consequences of wrong decisions, 
and overcome seemingly insoluble technological 
difficulties. 

Luck played a part of course, because there was 
no guarantee that we would be able to achieve the 
quasi-perfect mirrors that make up the photon 
box for our experiments. One speck of dust could 
have ruined everything. But, more than luck, our 
success has relied on the unique intellectual and 
material environment of the Kastler Brossel Lab- 
oratory at the Ecole Normale Supérieure (ENS) 
in Paris. There, I was able to gather a permanent 
research group of exceptional quality, transmit- 
ting expertise and knowledge accumulated over 
time to successive generations of bright students. 
The courses I gave at the ENS at graduate level and those I have been 
giving during the past ten years at the College de France in Paris have 
also been part of this adventure. To prepare a new set of lectures each 
year, I had to focus on different aspects of light-matter interaction. 

Our experiments could only have succeeded with the reliable finan- 
cial support provided by the institutions that govern our laboratory, 
supplemented by international agencies inside and outside Europe. 
European mobility programmes also opened our laboratory to foreign 
visitors, bringing expertise and scientific culture to complement our 
own. During this long adventure in the micro-world, my colleagues 
and I have retained the freedom to choose our path without having to 
justify it with the promise of possible applications. 

Unfortunately, the environment from which I benefited is less likely 
to be found by young scientists embarking on 
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The secrets of my 
prizewinning research 


Serge Haroche, co-winner of the 2012 Nobel Prize in Physics, warns against 
the growing trend towards short-termism in science funding. 


energy and the environment, tend to favour short-term, goal-oriented 
projects over long-term basic research. Scientists have to describe in 
advance all their research steps, to detail milestones and to account for 
all changes in direction. This approach, if extended too far, is not only 
detrimental to curiosity-driven research. Itis also counterproductive for 
applied research, as most practical devices come from breakthroughs 
in basic research and would never have been developed out of the blue. 

Some might find my vision too pessimistic. Funding programmes 
open to curiosity-driven research (managed, for instance, by the French 
national research agency (ANR) and the European Research Council 
(ERC) ) do exist. Grants are, however, limited to three or five years, far 
too short a time for an ambitious long-term project. The emergence of 
the ANR and ERC grants has been concomitant, 
at least in France, with a decrease in recurrent state 
funding for laboratories, so that opportunities for 
long-term blue-sky research by young scientists 
have shrunk. It is, of course, naive to believe that 
such funding will substantially increase in the 
foreseeable future. A solution to this problem 
might be to create junior ERC grants that extend 
over ten years, with an evaluation at mid-term. 

France also has additional problems. Starting 
salaries in French research agencies are much 
lower than those paid to postdocs by ERC grants. 
They become acceptable higher up the ladder, but 
young scientists, even when successful, are stuck 
at the bottom for too long. If more money could 
be put into the system, it should go there. 

Some improvements could be achieved at no 
cost. French academic institutions form an entan- 
gled ensemble of universities, research councils, 
schools and government agencies, through which even the French can- 
not easily navigate. Every reform has added a new layer, so that most 
labs depend for funding and evaluation upon a plethora of institutions. 
That means bureaucratic hassle for scientists, who spend a great deal of 
time filling in forms and writing reports instead of doing research. The 
system cries out for simplification. 

I should be delighted if bright young students were attracted to basic 
science by the description of the experiments recognized by this year’s 
Nobel prize. I can only hope that they will be granted similar oppor- 
tunities to those that my co-prizewinner David Wineland (at the US 
National Institute of Standards and Technology) and I have been for- 
tunate enough to experience: being free to choose their research goals 
and to manage their own efforts over the long term, and able to afford 
the pursuit of hazardous paths before seeing the light. m 


Serge Haroche is a professor at the Collége de France and does his 
research at the Ecole Normale Supérieure, Paris, France. 
e-mail: serge.haroche@lkb.ens.fr 
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Selections from the 
scientific literature 


RESEARCH HIGHLIGHTS 


Signs of asteroid 
magnetic field 


The second most massive 
asteroid in the Solar System, 
Vesta, may once have hada 
rotating liquid metallic core 
that generated a magnetic field 
at the asteroid’s surface. 

Space scientists had 
previously established that 
the 525-kilometre-wide rock 
had differentiated — forming 
a dense core and a lighter 
mantle and crust. Roger Fu at 
the Massachusetts Institute 
of Technology in Cambridge 
and his colleagues studied the 
meteorite Allan Hills A81001, 
which probably originated 
on Vesta, and detected 
signatures of a magnetic field 
that formed 3.69 billion years 
ago. The team surmises that 
Vesta's rotating core produced 
a dynamo powerful enough 
to generate a magnetic field 
with a strength of 10 to 100 
microteslas. 

The discovery suggests that 
dynamos might have formed 
in other small, differentiated 
bodies in the early Solar 
System. 

Science 338, 238-241 (2012) 


Po CANCER 
Fat helps tumours 
to grow 


Researchers have found one 
possible explanation for the 
link between obesity and 
poor cancer prognosis: cells 
from fat tissue are recruited 
to the blood vessels that feed 
tumours, actively supporting 
tumour growth. 

Mikhail Kolonin and his 
colleagues at the University of 
Texas Health Science Center 
at Houston grafted tumour 
cells into obese and lean 
mice that were fed the same 
diet. Tumours grew faster in 
the obese mice than in the 


ZOOLOGY 


Tool use takes more than brains 


Skilled tool use is considered a sign of 
intelligence, but a study of crafty crows shows 
that it takes the right physical attributes too. 
New Caledonian crows (Corvus 
moneduloides; pictured) extract prey from 
nooks and crannies with tools that they craft 
from sticks and other items. Jolyon Troscianko 
at the University of Birmingham and Christian 
Rutz now at the University of St Andrews, both 
in the UK, and their colleagues studied the 
birds’ visual fields and bill shapes. Compared 
with related species that do not use tools, 
New Caledonian crows have a larger field of 


lean ones. The researchers 
found that fat- progenitor 
cells were mobilized into 

the bloodstream in the 
obese mice and were more 
abundant in the tumours of 
these animals than in those 
of their lean counterparts. In 
the tumours, the progenitors 
developed into fat cells and 
cells that support blood 
vessels. Tumours witha 
greater contribution from 
fat cells had a more extensive 
and functional vasculature, 
and grew faster. 

Cancer Res. 72,5198-5208 
(2012) 
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CELL THERAPY 


Stem cells wrap 
neurons 


Human neural stem cells 
transplanted into the brain can 
improve the functioning of 
nerve cells by supplying myelin 
— which sheathes neurons 
and aids electrical signalling — 
according to two independent 
groups. 

David Rowitch at the 
University of California, San 
Francisco, and his colleagues 
transplanted the stem cells into 
four young boys with a genetic 


binocular overlap. Using a video camera in the 
base of a baited tube, the team found that New 
Caledonian crows bring both eyes forward 
during tool use, which allows them greater 
visual control. Moreover, the straighter bill of 
C. moneduloides compared to related species 
gives the bird better control over a tool within 
its field of binocular vision. 

Like the flexible wrists and opposable thumbs 
of humans, these traits provide a rare example 
of physical adaptations for tool use. 

Nature Commun. http://dx.doi.org/10.1038/ 
ncomms2111 (2012) 


disease in which support cells 
known as oligodendrocytes fail 
to wrap neurons in myelin. A 
year after injection, magnetic 
resonance imaging (MRI) 
indicated that the transplanted 
cells had engrafted and had 
successfully myelinated brain 
cells. 

Researchers led by Stephen 
Back at Oregon Health 
and Science University in 
Portland and Nobuko Uchida 
at StemCells Inc. in Newark, 
California, showed that the 
same type of stem cell matured 
into oligodendrocytes when 
transplanted into the brains 


J. TROSCIANKO/ C. RUTZ 


D. LEGG 
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of mice that lack myelin. The 
cells produced a myelin sheath 
that boosted the speed of 
neural signalling. The team 
also confirmed that MRI can 
track cell engraftment and 
myelination. Together, the 
studies indicate the potential 
for cell-based therapy in myelin 
disorders. 

Sci. Transl. Med. 4, 155ra137; 
155ra136 (2012) 


Nanorod shades 
soak up the rays 


An array of nanorods can 
reflect nearly all light over a 
precise set of wavelengths, 
making this a promising 
material for filters and other 
optics applications. 

Stéphane Collin at the 
Laboratory of Photonics and 
Nanostructures in Marcoussis, 
France, and his colleagues 
built a grid of 500-nanometre- 
wide silicon-nitride nanorods 
spaced 3 micrometres apart. 
The researchers then shone 
infrared light onto the array. 
Most of the light passed 
through, but the rods reflected 
nearly all of the light within a 
narrow range of wavelengths. 
The authors developed a 
model that suggests that 
the rods behave much like a 
crystal, scattering light many 
times to ultimately reflect it. 
Phys. Rev. Lett. 109, 143903 
(2012) 


Remains of the 
moa 


An analysis of ancient DNA 
from the moa (pictured) 
— large, flightless birds 
wiped out by the first 
New Zealanders 
in the 1300s — 
reveals just how 
intensely the 
settlers preyed on 
these birds. 

A team led by 
Michael Bunce at 
Murdoch University 
in Perth, Australia, and 
Chris Jacomb at the 
University of Otago 


in Dunedin, New Zealand, 
isolated DNA from moa bones 
and eggshells found at several 
archaeological sites. One 
site contained some 50 eggs, 
suggesting that people hunted 
for both eggs and adults, 
rapidly driving the species 
towards extinction. Male moa 
were more commonly found 
than females, possibly because 
the males tended to incubate 
eggs, which would have made 
them more vulnerable to 
hunters. 

Furthermore, seven 
human burials contained 
moa remains, suggesting that 
early New Zealanders valued 
the birds that they would 
eventually hunt to extinction. 
Quaternary Sci. Rev. 52,41-48 
(2012) 


MATERIALS 


Drawing a sensor 
on paper 


By ‘drawing’ on paper with 

a pencil-like tool containing 
carbon nanotubes, researchers 
have created a prototype gas 
sensor. 

Researchers developing 
sensors that can detect 
hazardous gases have 
struggled to find a method 
that is both low-cost and 
high-performance. Timothy 
Swager and his colleagues at 
the Massachusetts Institute 
of Technology in Cambridge 
suggest an approach that may 
meet both requirements. 

The researchers 

have created an 

electrical circuit 
by abrading a packed 

pellet of single- 
walled carbon 
nanotubes onto 
paper, as if drawing 
with a pencil. When 
the deposited carbon 
nanotube layers are 
exposed to ammonia, 
a hazardous gas, it 
triggers measurable 
changes in the nanotubes’ 
electrical conductivity. 
The prototype gives 
results with similar 
sensitivity and 
reproducibility to those 
of carbon-nanotube 
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COMMUNITY 


CHOICE 


La Nifia made the oceans fall 


Ocean levels dropped by five millimetres 
between March 2010 and May 2011 as La 
Nifia conditions — cooler surface waters 
in the eastern equatorial Pacific Ocean — 
contributed to heavier than normal precipitation over land. 

Global mean sea level has been rising by roughly 
3 millimetres per year over much of the past 18 years. But 
when Carmen Boening at the Jet Propulsion Laboratory in 
Pasadena, California, and her colleagues analysed satellite- 
altimeter data, they detected an overall drop in sea level that 
coincided with the onset of La Nifia in 2010. Another set of 
satellite data confirms a decrease in ocean mass during the 
same period and suggests a parallel increase in terrestrial 
water storage, mainly over Australia, the northern part of 
South America, and southeast Asia. 

The 2010-11 La Nifa was one of the strongest in eight 
decades, but sea levels recovered and had increased beyond 
their pre-La Nifa levels by early 2012. 

Geophys. Res. Lett. http://dx.doi.org/10.1029/2012GL053055 
(2012) 
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the most primitive 
arthropod yet found and 
dates back to the Cambrian 
period around 500 million 


sensors deposited using 
solutions, the researchers 
say, but their device is less 
expensive and easier to 
fabricate and handle. 


Angewandte Chemie Int. Ed. 
http://dx.doi.org/10.1002/ 
anie.201206069 (2012) 


EVOLUTION 


Humble arthropod 
beginnings 


The most primitive member 
of the arthropods, which 
include spiders, insects and 
crabs, might have evolved 

a jointed exoskeleton 
initially as an adaptation for 
swimming. 

David Legg at Imperial 
College London and his 
colleagues studied Nereocaris 
exilis (pictured), which was 
discovered in the Burgess 
Shale, a rich fossil field in 
Canada. The creature is 


years ago, the researchers say. 
The animal had a bivalved 
main shell and an elongated. 
abdomen covered with a 
hard, jointed exoskeleton — 
characteristic of arthropods. 
However, the creature’s limbs 
were too thin for walking, 
which suggests that the 
exoskeleton was probably 
used to aid swimming. These 
jointed suits of armour were 
adapted only later to support 
life on the ocean floor, the 
authors propose. 

The anatomy of this fossil 
also implies that the first 
arthropods were prey, rather 
than active predators as they 
are today. 

Proc. R. Soc. B. http://dx.doi. 
org/10.1098/rspb.2012.1958 
(2012) 


© NATURE.COM 

For the latest research published by 
Nature visit: 
www.nature,com/latestresearch 


18 OCTOBER 2012 | VOL 490 | NATURE | 313 
© 2012 Macmillan Publishers Limited. All rights reserved 


SEVEN DAYS nescnni 


ORCID launch 


A registry that will grant 
scientists a unique identifying 
number — helping readers of 
the literature to distinguish 
between authors with similar 
names — launched on 

16 October. ORCID, the Open 
Researcher and Contributor 
ID, is supported by funds 

and input from member 
institutions, publishers 
(including Nature Publishing 
Group) and scientific 
societies. It should integrate 
with existing researcher 
identification systems and 
make it easier for universities 
and funding agencies to track 
scientists’ output (see Nature 
485, 564; 2012). Researchers 
can register at www.orcid.org 
and add information about 
their publications to their 
ORCID records. 


African genetics 
Nine research projects led by 
African scientists have won 
the first grants awarded as part 
of a consortium to study the 
genetic and environmental 
underpinnings of diseases 
common on the continent. 
The five-year, US$38-million 
programme, called Human 
Heredity and Health in Africa, 
is funded jointly by the US 
National Institutes of Health 
and Britain’s Wellcome Trust. 
Funded projects represent 

22 countries and include 

an African bioinformatics 
network, two biorepositories 
and studies into the genomics 
of both infectious and 
non-communicable diseases. 


Alzheimer’s trials 


An Alzheimer’s disease 
prevention trial has picked 
three experimental drugs 
that it will test from 2013. 
The Dominantly Inherited 
Alzheimer’s Network 
Therapeutic Trials Unit 

at Washington University 


Supersonic skydive 


Austrian Felix Baumgartner set a new freefall record on 

14 October, jumping from more than 39,000 metres above 
New Mexico and breaking the speed of sound on the way. 
Data from the jump will aid the design of high-altitude 
parachutes and inform future plans for the emergency 
evacuation of spacecraft, according to Red Bull Stratos, the 
team behind the jump. The previous record of 31,000 metres 
was set in 1960 by Joe Kittinger, a former US Air Force pilot. 


School of Medicine in St 
Louis, Missouri, said on 

10 October that it would 

test drugs from Roche and 
Eli Lilly in people with rare 
mutations that can go on to 
cause Alzheimer’s. One of the 
drugs, solanezumab, failed 
clinical trials in August (see 
Nature 489, 13-14; 2012). But 
independent sub-analyses, 
released on 8 October at a 
meeting of the American 
Neurological Association 

in Boston, Massachusetts, 
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suggested that the drug did 
slow cognitive decline in some 
people with mild forms of 
Alzheimer’s. 


Better biomarkers 
The US National Cancer 
Institute has released draft 
guidelines meant to prevent 
the sloppy use of biomarkers 
in clinical trials. Chief among 
the new rules are precautions 
against imposing signals on 
noise, as biologists comb 
through massive data sets 


to find markers that may be 
linked to disease. Patterns 
found in large-scale genomic 
or proteomic data must 

be re-evaluated using an 
independent data set, noted 
the guidelines, published on 
11 October. The move comes 
after clinical trials in cancer 
were halted for problems 
including erroneous data (see 
Nature 469, 139-140; 2011). 
See go.nature.com/zzuqdg 
for more. 


Space commerce 


The Dragon spacecraft carried 
400 kilograms of cargo to the 
International Space Station on 
10 October — marking the first 
journey in a 12-flight, US$1.6- 
billion contract between NASA 
and commercial firm SpaceX, 
in Hawthorne, California. 
Another company, Orbital 
Sciences of Dulles, Virginia, 
will also attempt commercial 
resupply of the station; it is set 
to test-fly its Antares rocket 
and Cygnus capsule later 

this year. 


Genome privacy 


Researchers and funding 
bodies should protect people's 
privacy even as they hope 

to use data from genome 
sequencing to improve medical 
treatments, a US government 
ethics panel said on 

11 October. The report from 
the Presidential Commission 
for the Study of Bioethical 
Issues called for consistent 
policies to protect individuals’ 
data, including making it 
illegal to sequence people 
without their knowledge 

or consent. See go.nature. 
com/1g744j for more. 


Texas tribulations 
All the members of the 
scientific review council of 
the Cancer Prevention and 
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= Research Institute of Texas, 

& including chairman and 

E Nobel-prizewinning biologist 
= Phil Sharp, tendered their 

2 resignations last week after 


SOURCE: NASA 


expressing concerns that peer 
review was bypassed in the 
award of a US$18-million 
“commercialization” grant 
while the award of scientific 
grants that won approval from 
reviewers was delayed. See 
go.nature.com/rxa4y1 

for more. 


Nuclear failings 


Nineteen months after 
nuclear reactors melted down 
at its Fukushima Daiichi 
plant, the Tokyo Power 

and Electric Corporation 
(TEPCO) has admitted that 

it could have introduced 
better safeguards against 
disasters such as tsunamis. 
The Japanese nuclear operator 
said that it had shrunk from 
acknowledging risks and 
taking safety measures for fear 
of alarming the public and 
fostering opposition to nuclear 
plants. Its admission came in a 
12 October report, released to 
coincide with the first meeting 
of an external committee 
tasked with improving nuclear 
safety at TEPCO. 


Stem-cell lawsuit 
Two scientists who work 

on adult stem cells asked 

the US Supreme Court on 

10 October to decide whether 
it is legal for the National 


TREND WATCH 


The springtime destruction of 
ozone over Antarctica reached 

its annual maximum in early 
October, with the ozone hole 
slightly less wide, and its 
minimum ozone concentration 
slightly higher, than in previous 
seasons (see chart). The Montreal 
Protocol, signed 25 years ago, 
seems to have led to decreasing 
atmospheric levels of the chlorine 
and bromine chemicals that 
destroy ozone. But NASAs Paul 
Newman estimates that chlorine 
and bromine will not return to 
their 1980 levels until about 2065. 


Institutes of Health to fund 
human embryonic stem-cell 
research. James Sherley of the 
Boston Biomedical Research 
Institute in Watertown, 
Massachusetts, and Theresa 
Deisher, chief executive of 
AVM Biotechnology in Seattle, 
Washington, first sued the 
US government to stop the 
funding in 2009, although 
their case was thrown out by 
a US appeals court in August 
(see Nature 488, 562; 2012). 


eLife comes online 
The open-access publication 
eLife (www.elifesciences.org), 
which hopes to become a 
top-tier biomedical and life- 
sciences journal, published 
its first four research articles 
on 15 October. The online 
journal, funded by the Howard 
Hughes Medical Institute in 
Chevy Chase, Maryland, the 
Wellcome Trust in London 
and the Max Planck Society in 
Munich, Germany, currently 
charges no author fees for 
publishing. It has hired 
working scientists as editors, 
and selects or rejects articles 
on the basis of their potential 
influence as well as their 
technical rigour. 


Dolly cloner dies 
Keith Campbell (pictured), 
the reproductive biologist 
who helped to clone Dolly the 
sheep from a mammary-gland 


cell in 1996, died aged 58 

on 5 October. The news was 
confirmed on 11 October by 
the University of Nottingham, 
UK, where he worked. In 
2008, Campbell shared the 
Shaw Prize in Life Science 
and Medicine for his work 

on cell differentiation, and 
the promise it holds for the 
treatment of disease, with cell 
biologists Ian Wilmut and 
Shinya Yamanaka — who won 
this year’s medicine Nobel. 


Plagiarism charge 


Accusations of plagiarism 
levelled at Annette Schavan, 
Germany's research minister, 
are supported by a report 
leaked to the press on 

12 October. The report, 
commissioned by the 
University of Diisseldorf, 
which awarded her PhD, says 
that Schavan paraphrased the 
work of others in her 1980 
PhD thesis on education 
without appropriate citation, 
intending to pass the work 


ANTARCTIC OZONE RECOVERING 


The ozone hole over Antarctica is slowly shrinking back to 


pre-1980 levels. 
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off as her own. She denies the 
charges. See go.nature.com/ 
qrujdi for more. 


Chemistry Nobel 
This year’s Nobel Prize in 
Chemistry was won by 
Robert Lefkowitz of Duke 
University Medical Center 

in Durham, North Carolina, 
and Brian Kobilka at Stanford 
University School of Medicine 
in California, for their work on 
G-protein-coupled receptors, 
key proteins in cell signalling. 
See page 320 for more. 


Arlen Specter dies 


Former US senator Arlen 
Specter, a long-time vocal 
advocate of increasing funding 
for the National Institutes of 
Health, died on 14 October. 
Specter succumbed to 
complications of non- 
Hodgkin's lymphoma. See 
go.nature.com/b2isju 

for more. 


Hepatitis success 


A hepatitis C treatment cured 
nearly all viral infections 

ina phase Ib clinical trial 

of 571 patients, said drug- 
manufacturer Abbott 
Laboratories of Abbott Park, 
Illinois, on 15 October. The 
cocktail of three experimental 
drugs and approved 

antiviral ribivarin cured 

99% of patients who had 

not previously been treated 
and 93% of those who had 
failed conventional therapies. 
Abbott plans a larger, 

phase II] trial before seeking 
regulatory approval to enter 
an increasingly competitive 
hepatitis C market worth 
billions of dollars. 


Trial-data promise 
GlaxoSmithKline said on 

11 October that it would make 
all of its raw clinical-trial 

data available to researchers, 
making the London- 

based firm the first major 
pharmaceutical company to 
do so. See page 322 for more. 
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Badgers face the death penalty for contributing to high rates of bovine tuberculosis. 


| ANIMAL HEALTH | HEALTH 


Badger battle 
erupts in England 


Cull plan splits farmers, conservationists — and scientists. 


BY GEOFF BRUMFIEL 


ngland’s West Country is a bucolic 
Pisses of winding country lanes and 

gently rolling pastures. But as autumn 
darkens into winter, a war, complete with 
armed marksmen and camouflaged saboteurs, 
is about to erupt from the hedgerows. Both 
sides claim science as their ally. 

At issue is the badger (Meles meles), one of 
the largest predators left in the British Isles 
after millennia of human occupation. The 
furry creature is an iconic and beloved species 
— but to farmers, it is a menace that infects 
their cattle with bovine tuberculosis (TB). The 
disease, caused by the bacterium Mycobacte- 
rium bovis, could cost the government £1 bil- 
lion (US$1.6 billion) in control measures and 


compensation over the next decade. As early 
as this week, government-sanctioned hunt- 
ers will begin a pilot effort to cull the badgers. 
Animal-rights activists — a potent force in 
Britain — are furious, and are planning pro- 
tests, milk boycotts and sabotage of the culls. 

Battles over wildlife management are 
hardly unique to England. In the United 
States, environmentalists and ranchers spar 
over wolves, which have been reintroduced to 
many states. In Western Australia, the govern- 
ment has proposed a cull of coastal sharks in 
response to a swimmer’s death, angering green 
groups. But the badger question stands out in 
one distinctive way: it has been systematically 
studied for more than a decade by scientists at 
some of England's top universities. 

Badgers do carry TB and can infect cows 


through direct and indirect contact, and years 
of research and tens of millions of pounds have 
gone into studying whether killing them would 
protect herds. During a 9-year trial’, scientists 
tramped through hundreds of square kilome- 
tres of pastureland, probing dens, collecting 
road kill and performing autopsies on more 
than a thousand badgers to check for TB. The 
results are discussed at length in a 287-page 
UK government study and in numerous sci- 
entific papers, including several in Nature*”. 

So is the government's decision to let farm- 
ers shoot badgers scientifically sound? No, says 
John Krebs, a zoologist, member of the House 
of Lords, and principal of Jesus College at the 
University of Oxford, who recommended run- 
ning the 9-year study. “They went against the 
science on political grounds.” 

Yes, counters David King, a chemist and 
director of the Smith School of Enterprise and 
the Environment, also at Oxford. “The govern- 
ment’s got it right,” he says. When King was the 
former Labour government's chief scientific 
adviser in the 1990s he supported culling, and 
commissioned a separate study that ended up 
endorsing it*. The schism reveals an uneasy 
truth about the badger issue: science doesn't 
give a clear answer about what to do. 

Here are the facts. For more than a decade, 
bovine TB has been on the rise in Britain (see 
‘Bovine burden’). To control the disease, which 
can spread to humans through contaminated 
milk, cattle are routinely screened and infected 
animals are destroyed. And, uncomfortable as 
it is for animal-lovers, killing large numbers of 
badgers does help to reduce levels of bovine TB. 

The trial backed by Krebs (officially known 
as the Randomised Badger Culling Trial, or 
RBCT) showed a 23% reduction in bovine 
TB in the area of the cull, although the areas 
immediately outside the trial area saw an 
increase of roughly 25% — a consequence of 
badgers extending their normal range. Review- 
ing the data, scientists decided in 2011 that 
culling about 70% of the badgers in larger areas 
would lead to an overall reduction in bovine 
TB of up to 16%. 

There is little disagreement among scientists 
about the 16% figure, says Christ! Donnelly, a 
statistician at Imperial College London, who 
has devoted years to analysing the RBCT data. 
But there is plenty of debate about whether 
that’s enough to justify a kill. Sixteen per cent 
“doesn’t sound terribly meaningful to me’, 
says Jack Reedy, spokesman for the Badger 
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> Trust, a non-profit organization based in 
East Grinstead, UK, that opposes the killing of 
badgers. He adds that controlling cattle move- 
ments and increasing TB screening on farms 
would have a greater impact. Adam Quinney, a 
beef farmer and vice-president of the National 
Farmers Union in Stoneleigh, which is lobby- 
ing for the cull, disagrees. “If I said to you, 
‘Tm going to give you an increase in income 
of 16%, would you say that was significant?” 

In July 2011, the Department for Environ- 
ment, Food and Rural Affairs (DEFRA) laid 
out a plan for bovine TB eradication in England. 
The plan included increased surveillance and 
security measures on farms, as well as what the 
government described as a “science-led policy” 
of killing badgers in areas of high bovine TB. 
The plan reflects the reality that “this little micro- 
organism is really getting the better of us’, says 
Ian Boyd, DEFRA% chief scientific adviser, who 
supports the cull. Politicians do not expect that 
the cull alone will eradicate bovine TB, but they 
hope that it will at least help to stabilize infection 
rates. Boyd insists that the new policy is rooted in 
the science of the RBCT. 

Test culls will begin in Somerset and 
Gloucestershire, two of the most heavily 
infected regions in the country. The cull areas 
will be larger than those in the original trial, 
and will use physical boundaries, such as riv- 
ers and roads, to prevent infected badgers 
from roaming in or out of the cull zone. For 
many scientists, however, the new cull seems 
too distant from the RBCT to deserve the title 


BOVINE BURDEN 


English farmers have struggled to control bovine 
tuberculosis over the past decade. 
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of ‘science-led’ policy. The 70% reduction is 
a particular sticking point, as it is virtually 
impossible to determine badger populations 
in advance of actually killing them. On 14 
October, 31 academics warned in a letter to 
The Observer newspaper that if the targets are 
missed, then levels of bovine TB could actually 
increase, because infected badgers will begin 
to roam more widely. “They say that their 
policy will be science-based but that’s simply 
not true,’ says Krebs, who signed the letter. 
“They feel they have to do something, and the 
easiest something to do is to shoot badgers.” 
Other parts of the British Isles have already 
taken action. The Irish have used targeted 
snare-trapping to all but eliminate badgers 


from selected areas. That system would be more 
affordable but it is considered unethical in Eng- 
land. In Wales, officials have begun an expen- 
sive campaign to immunize badgers against TB. 
Both techniques depend on the peculiarities of 
local geography and badger populations, but 
they reflect the range of approaches that can be 
supported by the scientific evidence. 

Policy-makers, meanwhile, are frustrated. 
“Politicians feel that the scientists have let them 
down,” says Phil Willis, a Liberal Democrat 
and member of the House of Lords Science and 
Technology Committee. “They've not come 
with clarity, not just in terms of the science but 
in terms of the solution.” Willis says that based 
on his understanding of the data, the govern- 
ment policy is unlikely to work. 

As both farmers and protesters gird 
themselves, Donnelly acknowledges that sci- 
ence has given few straight answers. But, she 
says, it has helped to shift the debate: farmers 
now admit that tougher biosecurity standards 
will be instrumental in controlling bovine TB, 
and conservationists concede that badgers are 
a major reservoir for the disease. “They may 
not be singing from the same hymn sheet,” she 
says, “but at least they're looking at the same 
data table?” m SEE EDITORIALP.310 
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Politics holds back 
animal engineers 


Funds and approvals lag for transgenic livestock in US. 


BY AMY MAXMEN 


hen she saw the trailer for the doc- 
umentary Genetic Roulette, Alison 
Van Eenennaam wanted to laugh, 


then cry. The film touts the risks of genetically 
engineered (GE) organisms, calling them “the 
most dangerous thing facing human beings in 
our generation”. For Van Eenennaam, a geneti- 
cist at the University of California, Davis, the 
scientifically unfounded assertions — that 
transgenic foods are responsible for increased 
incidence of autism, Alzheimer’s disease and 
type 2 diabetes in the United States — cannot 
be taken seriously. But the film reflects atti- 
tudes that have thwarted Van Eenennaam’s 


research into the genetic modification of ani- 
mals to reduce food costs and improve quality. 

“Twenty years ago, the technology was our 
hurdle,’ says Mark Westhusin, who works on 
GE animals at Texas A&M University in Col- 
lege Station. “Now the technology is great and 
the sky is the limit,” he says, “but good luck 
getting money for GE animals.’ 

Inquiries by Nature reveal that fewer than 
0.1% of research grants from the US Depart- 
ment of Agriculture (USDA) have gone to 
work on GE food animals since 1999, in part 
because of a poor public image. In one case, 
James Murray, another geneticist at the Uni- 
versity of California, Davis, was told in 2003 
that the USDA had rejected his proposal to 
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develop a goat that produces milk rich in 
human lysozymes — enzymes that fight diar- 
rhoeal disease — because the agency felt that 
“the general public would not accept such 
animals”. 

Van Eenennaam once hoped to engineer a 
cow that produced milk rich in omega-3 fats, 
but the USDA rejected her proposals, and she 
ended the project because of a lack of funding. 
The agency now funds her work on conven- 
tional breeding techniques to create dairy cows 
without horns, sparing farmers the danger and 
expense of removing them. Van Eenennaam 
says that she might do better by disrupting the 
genes that lead to horns, but there is no money 
for that. “I’ve got plenty of funding now, but the 
project is completely inefficient compared to 
genetic engineering,’ she says. 

The USDA supports research to improve 
livestock and agriculture, but a spokesper- 
son says that it has not considered work on 
GE animals to be the best use of its funding. 
The US National Institutes of Health (NIH) 

occasionally supports 


> NATURE.COM research on transgenic 
For more on the pigs that model human 
controversy over diseases, but rarely 
transgenic foods: funds proposals to pro- 
go.nature.com/rypoy5 duce drugs or vaccines 


OFF THE TABLE 
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A brief history of some of the genetically engineered food animals submitted to the US Food and Drug 
Administration (FDA) for review. No such animal has yet been approved. 


Animal Purpose Created 
Salmon Grows to market 989 
size faster than (Massachusetts) 
conventional salmon 
Pig Produces more milk 993 
to nurse healthier (Illinois) 
young 
Goat Milk has human 1999 
lysozymes to treat (California) 
diarrhoeal disease 
Pig Efficiently digests 999 
plant phosphorus, (Ontario, 
reducing pollution Canada) 
Cow, Increased muscle 2010 
sheep, mass without (Texas) 
goat, pig reduced fertility 


in the milk of transgenic livestock. An NIH 
spokesperson says that decisions are based 
on many factors, including the needs of the 
research community. 

For GE animals that have been developed 
despite these hurdles, market approval has 
stalled. On 27 September, Van Eenennaam 
was a panellist at a meeting in Washington 
DC, where advocates of GE animal research 
aired their frustrations with the US Food and 
Drug Administration (FDA), which has yet to 
issue a decision on any GE food animal sub- 
mitted for approval (see ‘Off the table’). A fast- 
growing salmon developed by AquaBounty 
in Maynard, Massachusetts, has been under 
review since 1995; in 2010, an FDA scientific 
advisory panel evaluated 21 years of data on 
the fish and deemed it safe for the environment 
and human consumption (see Nature 467, 259; 
2010), yet the agency has still not announced 
a final decision. The FDA will not comment 
on its process. 

“AquaBounty has done everything they are 
legally required to do, and, yes or no, now we 
just want an official word from the FDA,” says 
Van Eenennaam, who was on the advisory 
panel. “We will never have investment in this 
field if there is no way to move it forward.” 
She was one of 56 biotechnology advocates 
who wrote to US President Barack Obama on 
15 September, asking why there has been no 
update. 

The White House has not responded, and 
AquaBounty’s salmon is swimming against 
the tide of politics. Legislation introduced last 
year in the US House of Representatives and 
the Senate would ban the FDA from approving 
it. The protest in Congress comes mainly from 
salmon-exporting states such as Alaska, Wash- 
ington and Oregon, amid fears that an inexpen- 
sive new source of salmon would undermine 
the industry. Politicians also reference unfore- 
seen dangers from GE foodstuffs. 

The FDA evaluates animals as strictly as it 
does drugs. In the 17 years that the salmon 
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History 


1995 FDA receives application 
2008 Fish farm moved to Panama 
2010 Cleared by FDA scientific advisory panel 


1999 FDA receives application 


2003 Funding denied by USDA 
2008 FDA receives application 
2011 Research moved to Brazil 


2007 FDA receives application 
2012 Pigs killed owing to lack of commercial 
interest 


2009 FDA receives application 


has been under review, AquaBounty has 
spent more than US$60 million on, for exam- 
ple, showing that its allergenic potential is no 
greater than that of Atlantic fish. To ensure that 
the mainly sterile GE salmon can’t mate with 
native species, the company keeps them in mul- 
tiwalled tanks on a mountain in Panama. If the 
fish were to be sold commercially, they would 

be reared similarly isolated from the ocean. 
The prospects for research are better outside 
the United States. Last year, Murray moved 
his goat project to Brazil, where the govern- 
ment funds his research; the childhood diar- 
rhoea that the goats’ milk is intended to treat 
is a serious problem in the north of the coun- 
try. And China invested nearly $800 million 
in transgenic pigs, cattle, sheep and crops 
between 2008 and 


“The technology 2012, says Ning Li, 
i great and the Smee of the State 

F Pyle ey Laboratories for 
sky is the limit, AgroBiotechnology 
but good luck 


in Beijing. More than 
20 GE food animals 
are in development in 
China, he says, including a fast-growing carp 
and cows that produce milk with reduced aller- 
genic potential. However, a Chinese researcher 
who asked to remain anonymous because he 
did not have permission to speak to the press 
predicts that approval for the animals will lag 
because the government has not determined 
how to ensure that the products are safe. 

Even in the United Kingdom, where public 
opposition to GE plants and animals has been 
fierce, researchers seem to be better off than 
their US counterparts. The Biotechnology and 
Biological Sciences Research Council (BBSRC) 
supports work on GE food animals, including 
chickens engineered to be resistant to the bird- 
flu virus. A BBSRC spokesperson told Nature: 
“We consider it important to fund research 
that provides a range of technological options 
that can be applied to the challenges that we 
face as a society.” m 


getting money.” 
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Molecular biologists Robert Lefkowitz (left) and Brian Kobilka share this year’s Nobel Prize in Chemistry. 


NOBEL PRIZE 


Nobel work boosts 
drug development 


Chemistry prize honours studies of cell-receptor proteins. 


BY RICHARD VAN NOORDEN 


obert Lefkowitz and Brian Kobilka 
Rex trained as medical doctors, but 

the allure of cell signalling drew them 
into basic research. And medicine has ben- 
efited handsomely: their research on proteins 
central to cell communication has aided the 
discovery of many pharmaceuticals and may 
open up ways to design more-selective drugs. 
Last week, it also earned the two researchers 
this year’s Nobel Prize in Chemistry. 

Lefkowitz, a garrulous, engaging New 
Yorker at Duke University Medical Center 
in Durham, North Carolina, and the notori- 
ously reserved Kobilka of Stanford University 
School of Medicine in California have spent 
their careers studying G-protein-coupled 
receptors (GPCRs). These proteins loop across 
cell membranes, transferring external signals 
— such as spurts of hormones or bursts of 
neurotransmitters — into the cell, where they 
trigger cascades of biochemical activity. 

At least 30% of all drugs target these mem- 
brane proteins, which form a family of around 
800 closely related structures. One of the great- 
est medical inventions of the past century, the 
beta-blocker, calms the heart by attaching to 
GPCRs and blocking their reaction to the hor- 
mone adrenalin — although renowned Brit- 
ish pharmacologist James Black did not know 
these details when he developed the first suc- 
cessful beta-blocker, propranolol, in 1964. 

In the late 1960s, Lefkowitz began to tease 


out the details of GPCRs, focusing on the 
B, adrenergic receptor (B,AR), a receptor for 
adrenalin. By the 1980s, his team — including 
Kobilka, who had joined the lab ona fellowship 
— had purified enough of the protein to clone 
and sequence it. The receptor’s striking simi- 
larity to rhodopsin, a light receptor in the eye 
that had already been sequenced, was a “total 
shock’, says Lefkowitz, and hinted that such 
receptors might form a family. 

As more of these proteins were identified, 
they were put to use in drug development, 
says Fiona Marshall, chief scientific officer of 
the GPCR-focused drug firm Heptares Thera- 
peutics in Welwyn Garden City, UK. Rather 
than looking for a chemicals effects on animal 
tissue, chemists could screen thousands of 
compounds for their affinity for GPCRs in a 
test tube. Drugs discovered in this way include 
Pfizer’s antiretroviral Maraviroc, which blocks 
HIV from binding to cells and was approved by 
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the US Food and Drug Administration in 2007. 

After leaving Lefkowitz’s group, Kobilka 
spent two decades trying to capture a crystal 
structure of a GPCR — a fiendishly difficult 
task thanks to their tendency to unravel when 
extracted from the cell membrane’. In 2007, 
his team finally delivered the structure’ of the 
BAR, only the second GPCR structure imaged 
— rhodopsin, more robust than other GPCRs, 
was the first®, in 2000. Since then, research- 
ers have worked out the structures of another 
13 receptors. Last year, Kobilka’s team revealed 
an even more impressive structure: the B,AR 
frozen in action, connected to an adrenalin-like 
compound at one end and the cell’s internal 
G protein at the other’. 

Knowing these structures could help drug 
researchers to design better-targeted com- 
pounds. Many drugs affect multiple closely 
related receptors: the schizophrenia drug olan- 
zapine (Zyprexa), for example, hits as many as 
a dozen GPCRs. Only a few of these hits pro- 
duce benefits, however — others are redun- 
dant, or involved in side effects such as weight 
gain. As more crystal structures become avail- 
able to work with, drug companies may be able 
to design molecules that fit more snugly into 
selected GPCRs. Heptares, for example, has a 
drug candidate for treating Alzheimer’s disease 
that affects a receptor for acetylcholine found 
in the brain, but avoids closely related recep- 
tors in the heart and the gut. 

Lefkowitz, meanwhile, has shown that 
GPCRs dont always engage G proteins inside 
the cell, but can also attach to proteins known 
as B-arrestins’, an interaction that he thinks is 
responsible for some drug side effects. He and 
Kobilka are currently working on what will be 
their first co-authored paper in 25 years: a step 
along the way to a crystal structure of B-arrestin 
attached to a receptor. But there are never any 
guarantees of success when wrestling with these 
floppy, recalcitrant proteins. As Kobilka told a 
press conference last week, his perseverance is 
based on “irrational optimism: you just keep 
thinking that something’s going to work”. m 
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Stem-cell fraud hits febrile field 


After heart-treatment claims collapse, researchers caution against arush to the clinic. 


BY DAVID CYRANOSKI 


arely has such a spectacular scientific 
Ra been debunked so rapidly. For 

a few brief hours last week, Hisashi 
Moriguchi, a project researcher at the University 
of Tokyo, was riding high, lauded by his nation’s 
press for pioneering work on induced pluripo- 
tent stem (iPS) cells. His feat was said to be the 
first successful use in humans of a technology 
that days earlier had won his countryman, 
Kyoto University’s Shinya Yamanaka, a share 
of the Nobel Prize in Physiology or Medicine’. 

Yet a swift investigation by Nature and 
several stem-cell researchers found that 
Moriguchi’s claim to have cured six heart- 
failure patients with cells derived from iPS 
cells was untrue; that he had lied about his 
university affiliations; and that he had pla- 
giarized key parts of his research papers’. Ata 
hastily convened press conference on 13 Octo- 
ber, Moriguchi recanted. “I admit that I lied,” 
he told reporters, adding that his “career as a 
researcher is probably over”. 

The sad episode could be written off as one 
researcher's runaway fantasy. But it highlights 
the febrile nature of the iPS-cell field, particu- 
larly in Japan. Many researchers fear that the 
therapeutic promise of these cells — which 
could open the way to creating replacement 
tissues to treat disease — will spur a premature 
rush to clinical applications before their safety 
and efficacy can be proven. 

The story kicked off when Moriguchi’s 
claims were splashed over the front page of 
Yomiuri Shimbun — the highest-circulation 
newspaper in the world — on 11 October. He 
described how he had reprogrammed patients’ 
liver cells into an embryonic state, with the 
potential to develop into many different cell 
types. After converting these iPS cells into 
heart-muscle cells, he supposedly injected 
them into six patients in the United States to 
successfully repair their damaged heart tissue. 

But inconsistencies in the account quickly 
became apparent. Alerted by Nature, Harvard 
Medical School and the Massachusetts General 
Hospital, both in Boston, denied that the pro- 
cedures had taken place there, or that Morigu- 
chi was affiliated with them, as he had claimed. 
In an interview with Nature, Moriguchi could 
not provide details of the ethics review board 
that had approved the procedures; the source 
of the clinical-grade cells; or the names of col- 
laborators. He claimed to have carried out an 
incredible range of activities almost single- 
handedly and described unconventional and 
unlikely methods for producing the cells. Yet 


he trained as a nurse, lacks a medical degree, 
and his most recent research was in medical 
economics. Nature also discovered that the 
publications that Moriguchi had used to sup- 
port his claims** contained technical images 
copied from other sources, as well as plagia- 


rized passages from other articles*®. “We are 


Hisashi Moriguchi was besieged by reporters after 
giving a press conference retracting his claims. 


all doing similar things, so it makes sense that 
wed use similar words,’ Moriguchi told Nature. 

On 13 October, the day after Nature ran its 
exposé’, Moriguchi held a press conference 
in New York, where he had been attending a 
meeting of the New York Stem Cell Founda- 
tion. He admitted that most of his claims were 
untrue, but maintained that he had injected 
iPS-cell-derived heart cells into one patient, 
and that he could produce notes to prove it. 
The University of Tokyo and the Tokyo Den- 
tal and Medical University, where Moriguchi 
claimed to have carried out collaborative stud- 
ies, have subsequently launched investigations 
into the affair. Nature Publishing Group, which 
has published papers by Moriguchi in its jour- 
nal Scientific Reports, says that it “is aware of 
the issues surrounding these publications and 
is investigating”. 

Researchers trying to understand why 
Moriguchi would engage in such reckless fab- 
rication have noted a climate that allows such 
claims to gain prominence with little challenge. 
Since Yamanaka’s discovery of iPS cells in 2006, 


some Japanese media and government officials 
have taken a highly competitive tone about the 
technology. In its original article about Mori- 
guchi’s claims, Yomiuri Shimbun noted that a 
burdensome regulatory system was holding 
back Japan's clinical research relative to the 
United States, and, in a 2009 correspondence 
published in Nature’, Moriguchi argued that 
“Japan is in danger of being overtaken in the 
field of human iPS-cell research”. 

“Scientists, journalists and regulators here 
need to be especially careful not to let their pride 
in Yamanaka’s achievement affect their critical 
faculties, or overwhelm them in national fer- 
vour,’ says Douglas Sipp, who researches stem- 
cell ethics and regulation at the RIKEN Center 
for Developmental Biology in Kobe, Japan. 

Most stem-cell researchers are convinced 
that iPS cells have along way to go before they 
are ready for the clinic, in part because of con- 
cerns that the cells might carry a heightened 
risk of producing malignant growths. “These 
kinds of studies should be done many times 
on hundreds of animals that are then followed 
long term — a year or more — for safety,’ says 
Paul Knoepfler, a stem-cell researcher at the 
University of California, Davis. 

The first clinical trial of cells derived from 
iPS cells will probably take place in Japan next 
year. Masayo Takahashi of the RIKEN Center 
for Developmental Biology plans to use such 
cells to treat retinal diseases, work that seems 
to be proceeding cautiously and transparently. 
Of greater concern is the risk that some clini- 
cians might take advantage of the hype sur- 
rounding iPS cells and start to offer untested 
treatments, in the same way that adult stem 
cells have become a booming, unregulated 
business®. “In theory, anyone can buy human 
iPS-cell production kits and starter cells,’ says 
Knoepfler. “All it would take is one negative 
patient outcome to set the field back for years”. 

“As we have seen from other forms of stem- 
cell pseudomedicine,” adds Sipp, “if there is 
money to be made, someone will probably 
begin trying to market them.” m 
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GlaxoSmithKline chief executive Andrew Witty, who announced the firm’s commitment to openness. 


BIOMEDICINE 


Drug firm to share 
raw trial data 


Full disclosure could improve health care and restore trust. 


BY DECLAN BUTLER 


r he secrecy that has long surrounded 
drug-industry trials is crumbling. 
Scientists are applauding drug giant 

GlaxoSmithKline (GSK) for its announcement 

last week that it will make the trove of detailed 

raw data underlying its clinical trials system- 
atically available to researchers. And GSK’s 
move — the first such commitment for a big 
player in the industry — is just the beginning. 

Starting next year, the European Medicines 

Agency (EMA) intends to open up access to 

all new clinical-trial data sets it receives from 

industry for product registration. 

The decisions represent a sea change in 
clinical science. Whereas data sharing is taken 
for granted in fields from genomics to parti- 
cle physics, data from clinical trials are rarely 
shared fully with other scientists, says Joseph 
Ross, a researcher at Yale School of Medicine 
in New Haven, Connecticut. This means that 
doctors, health officials and researchers are 
forced to make important decisions about 
patients and health care on the basis of incom- 
plete, and sometimes biased, information. 
GSK’s decision acknowledges the wide value 


of raw trial data to investigators and public- 
health officials, says Ross, who says that “the 
move by GSK is a great public step forward”. 

Greater openness about clinical-trial 
data should help to speed up drug develop- 
ment, provide independent assessments of 
drug safety and efficacy and increase trust 
in industry science. It could also put an end 
to the scandals that, over the past few years, 
have seen almost every major drug company 
fined hundreds of 


millions of dollars “Themove by 
for putting profits GSKisa great 
before patient safety public step 
and welfare, often forward.” 


through selective 
data reporting. In July, GSK itself reached a 
US$3-billion settlement with the US authori- 
ties for fraud, including publishing “false and 
misleading” accounts of trials, and for hid- 
ing data on safety concerns (see Nature 487, 
139-140; 2012). The settlement covered the 
antidepressants Paxil (paroxetine) and Well- 
butrin (bupropion), and the diabetes drug 
Avandia (rosiglitazone). 

GSK now intends to make available 
anonymized patient-level data for all the trials 


322 | NATURE | VOL 490 | 18 OCTOBER 2012 


© 2012 Macmillan Publishers Limited. All rights reserved 


it has carried out since 2007 for both approved 
and abandoned drugs (the company says that 
only post-2007 data is in formats suitable for 
sharing). It will also set up an expert panel 
at arm’s length from the company to review 
requests to access data for scientific merit, a 
restriction that some researchers dislike. 

James Shannon, chief medical officer of 
GSK, justifies the restriction as a way to stop 
people from trawling through the data with- 
out a solid scientific question or hypothesis. 
Such fishing trips could lead to flawed analy- 
ses that could alarm the public unnecessarily 
and damage public health, he says. 


WAIT AND SEE 

Peter Gotzsche, director of the Nordic 
Cochrane Centre in Copenhagen, says that 
he has “huge problems” with the restric- 
tions, however. He argues that they could 
lead to arbitrary decisions about data release, 
which might favour the company rather than 
the public interest. Any risk of scares is out- 
weighed by having more eyeballs on the data, 
he says, arguing that the lack of sharing of trial 
data by industry has been “far more harmful”. 

Kay Dickersin, director of the Center for 
Clinical Trials at the Johns Hopkins Bloom- 
berg School of Public Health in Baltimore, 
Maryland, agrees with GSK that some access 
restrictions can be helpful. She cautions that 
the value of GSK’s new openness will ulti- 
mately depend on how much detail it sup- 
plies in the patient-level data and, crucially, 
on the extent of documentation about how 
the trials were designed and data were col- 
lected, processed and analysed. “Let’s wait 
and see,’ she says. 

Openness will take another step forward 
next year, when the EMA begins to make pub- 
lic the clinical-trial data sets submitted to it. 
Although most companies might view the data 
as confidential, the EMA was empowered by a 
2010 ruling by the European Ombudsman that 
the public-health interest of trial data over- 
rides commercial interests, says Hans-Georg 
Eichler, a senior medical officer at the EMA. 

The EMA’ plans are “a phenomenal step in 
the right direction, a total game changer’, adds 
Ross. The US Food and Drug Administration, 
by contrast, considers raw data from trials to 
be commercially confidential, he notes. 

Alluding to the scandals that have rocked 
the drug world, Shannon says that the trans- 
parency his company is pioneering is the 
only way forward for the industry, and that 
he hopes other companies will follow GSK’s 
lead. To maintain a ‘licence to operate’ from 
society, he says, the pharmaceutical industry 
has to move towards full disclosure. Many 
within GSK’s rank and file have long been 
gunning for greater sharing of clinical data, 
he says, and last week’s announcement was 
met with “much internal celebration’, and 
hailed by some GSK scientists as a “dream 
come true”. # 
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The exoplanet next door 


Earth-sized world discovered in nearby o Centauri star system. 


BY ERIC HAND 


home in just four years. Astronomers have 

discovered the lowest-mass planet yet 
orbiting a Sun-like star. It orbits a Centauri B, 
a member of the stellar system that is our Solar 
System’s nearest neighbour. Although nearly 
identical to Earth in mass, the planet is much 
closer to its star than Mercury is to the Sun, 
meaning that it is a scorched and barren rock. 
Nevertheless, its astronomical proximity to 
Earth will undoubtedly stir dreams of inter- 
stellar exploration, particularly as astronomers 
search a Centauri for more hospitable worlds. 

Such exoplanets are the closest astrono- 
mers can ever find, says Francesco Pepe, 
an astronomer at the University of Geneva, 
Switzerland, and a member of the team that 
reports the discovery online in Nature this 
week (X. Dumusque et al. Nature http://dx.doi. 
org/10.1038/nature1 1572; 2012). 

The work is a triumph for a venerable 
planet-finding technique that monitors a 
star for a subtle back-and-forth ‘wobble in 
its motion as seen from Earth, caused by the 
gravitational tug of an orbiting body. The tech- 
nique, which formally measures a star's radial 
velocity, enabled researchers at Geneva to find 
in 1995 the first exoplanet ever detected orbit- 
ing a Sun-like star (M. Mayor and D. Queloz 
Nature 378, 355-359; 1995). 

That planet, a gas giant called 51 Pegasi b, 
pulled its star at 50 metres per second. The 
motion of a Centauri B arising from its light- 
weight planet is 100 times slower, a mere 
50 centimetres per second, akin toa slow walk. 
That the team detected it at all is testimony to 
the steady refinement of the technique (see 
‘Lowest of the low). 

Pepe and his colleagues found the planet as 
part of acampaign to monitor ten of the bright- 
est and nearest stars visible from the Southern 
Hemisphere using the High Accuracy Radial 
Velocity Planet Searcher (HARPS) spectro- 
graph on the European Southern Observa- 
tory’s 3.6-metre telescope at La Silla in Chile. 
Three of the stars have already yielded planets, 
and the a Centauri system became the fourth 
after the team measured its velocity three times 
a night, nearly every night, for just over three 
years, to tease out the 


iE is a world so close that E.T. could phone 


subtle motion measured NATURE.COM 
just above the detection For aNews & Views 
limit. discussing this 
Finding a true Earth discovery see: 
twin, circling a Sun-like —_ go.nature.com/bxteii 


LOWEST OF THE LOW 
With improving techniques for measuring exoplanets’ mass through their gravitational influence on stars, 
the lightest exoplanets detected each year (red dots) have reached the range of Earth-mass planets. 
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star at a distance similar to Earth’s orbital 
radius around the Sun, would require another 
leap in sensitivity, to motions of just 9 centi- 
metres per second. For now, most astrono- 
mers are pinning their hopes of identifying an 
exo-Earth on a rival planet-finder: the NASA 
spacecraft Kepler, which watches for a dim- 
ming ina star’s light as a planet crosses its face. 
Kepler was launched in 2009, and data from its 
first two years of operation have revealed about 
3,000 candidate exoplanets, says principal 
investigator William Borucki, who presented 
fresh results on 15 October at a meeting of the 
Division of Planetary Sciences of the American 
Astronomical Society in Reno, Nevada. 

Surprisingly, the cumulative data set does 
not contain a single Earth-sized planet at a 
habitable distance from its star, according to 
Borucki, who is based at NASA Ames Research 
Center in Moffett Field, California. Earth-sized 
planets may simply be less common than larger 
ones, perhaps because they are less apt to form, 
he said, flashing up a slide suggesting that just 
10-15% of stars have Earth-sized planets — far 
fewer than other estimates. 

Glumly, Borucki also pointed out that 
Kepler is now working on borrowed time. One 
of the spacecraft’s four reaction wheels, used to 
keep the probe pointing at its target, failed in 
July, and if one of the other wheels follows suit, 
the mission would be doomed. 

Yet an Earth twin could in principle be 
hiding at a Centauri, which is actually a trio 
of stars some 1.34 parsecs (4.4 light years) 


away. Two of the stars in the system, A and 
B, sometimes pass as near to each other as 
Saturn is from the Sun. This could disrupt 
the orbits of planets much farther out than 
the one discovered by the HARPS team, but 
a planet orbiting in a Centauri B’s habitable 
zone, about half as far from the star as the 
distance between Earth and the Sun, would 
probably still be stable. 

Geoff Marcy, an astronomer at the Univer- 
sity of California, Berkeley, who leads another 
ground-based search effort, says that the dis- 
covery should bolster calls for a space-based 
telescope that could image any other planets 
near a Centauri B, providing they are in orbits 
large enough to separate them from the glare 
of the parent star. Such a telescope could also 
glean clues about a planet's atmospheric com- 
position from its spectrum. 

A space-based planet imager is still largely 
a dream, let alone an interstellar probe that 
could inspect the a Centauri system close up. 
Ralph McNutt, a planetary scientist at Johns 
Hopkins University Applied Physics Labora- 
tory in Laurel, Maryland, has received NASA 
study funding to design an ‘innovative inter- 
stellar explorer’. Even when launched by one of 
the most powerful rockets on Earth, boosted 
bya gravitational slingshot around Jupiter, and 
further accelerated by a radioisotope thruster, 
that probe would take about 28,000 years to 
reach a Centauri. Quoting British author 
Douglas Adams, McNutt quips: “Space is big. 
Really big? = 
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POLAR PROTECTION 


A range of proposed marine protected areas could help to safeguard Antarctica’s seas. 


South 
4 Orkney 
Islands 


> 


= South Orkney Islands protected area 
= UK proposal 
= Australian draft proposal 
= New Zealand Ross Sea proposal 
US Ross Sea proposal 


PE Mencite: TOKO ene 


CONSERVATION 


Sapo 


fingh isan Olcsesa: 1 


YG 


Antarctic seas 
in the balance 


Plans to protect swathes of ocean face tough test. 


BY DANIEL CRESSEY 


ich in fish, minerals and scientific 
R cece the seas around Antarctica 

are among the planet’s most pristine 
waters — but fishing vessels are already mov- 
ing in. Next week, negotiators at a meeting of 
the Commission for the Conservation of Ant- 
arctic Marine Living Resources (CCAMLR, 
pronounced ‘cam-lar’) may try to contain the 
accelerating rush to access the region’s natural 
resources. At stake is one of the planet's last 
great wildernesses — as well as the credibility 
of the international body set up to protect Ant- 
arctica’s marine life. 

CCAMLR will consider four proposals to 
create vast marine protected areas (MPAs) 
that would tightly restrict fishing activities in 
the region. But protection will require unani- 
mous agreement by CCAMLR’s members (24 
countries and the European Union), and some, 
including Japan and China, have a record of 
scepticism about any kind of Antarctic MPA. 
“This is a particularly important meeting,” 
says Alex Rogers, a conservation biologist at 


the University of Oxford, UK. “If the proposals 
were blocked, it would be a very serious situ- 
ation, and it would set back the whole process 
probably by a decade or more.” 

Only one large section of Antarctic waters is 
currently designated an MPA, a zone of about 
94,000 square kilometres near the South Ork- 
ney Islands. The United States and New Zea- 
land are now advancing two rival proposals to 
turn Antarctica’s Ross Sea, which is home to 
seals, whales, fish, penguins and other birds, 
into one of the world’s largest reserves (see 
‘Polar protection’). Commercial fishing in 
the Ross Sea, especially for the lucrative Ant- 
arctic toothfish (Dissostichus mawsoni), has 
been a sore point for environmentalists (see 
Nature 467, 15; 2010). The US proposal would 
protect 1.8 million square kilometres, with 
800,000 square kilometres totally off-limits to 
fishing and set aside as a ‘scientific reference 
area for studying the effects of climate change. 
New Zealand's proposal would cover roughly 
2.5 million square kilometres, with fishing 
allowed in some areas. The two countries had 
once hoped to bring a joint MPA proposal to 
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the table, but could not reach agreement. The 
Antarctic Ocean Alliance, a coalition of envi- 
ronmental groups, has criticized both plans: 
New Zealand's for compromising conservation 
in favour of allowing access for the country’s 
fishing fleets, and the United States’ for not 
covering enough ecologically valuable areas. 
Having two rival proposals for the same region 
could also stymie agreement and leave the Ross 
Sea without an MPA at all, the alliance warns. 

Meanwhile, a UK-led effort is seeking pro- 
tection for areas exposed by collapsing ice 
shelves around the Antarctic Peninsula. Newly 
exposed waters can quickly become populated 
with animals, making them highly attractive to 
fishing fleets, says Phil Trathan, head of conser- 
vation biology at the British Antarctic Survey 
in Cambridge, UK, who helped to develop the 
proposal. Protecting these areas would allow 
researchers to study how the marine ecosystem 
changes after the ice collapses — something 
that is expected to happen more frequently as 
the planet warms. “We understand a lot of the 
physical issues related to climate change,’ says 
Trathan. But “one of the really key issues is, 
what are the ecological consequences?” 

Australia has submitted the fourth proposal, 
which would create a network of reserves 
around eastern Antarctica. “All four are very 
scientifically sound,” says Andrew Wright, 
executive secretary of CCAMLR, based in 
North Hobart, Australia. But success is far 
from assured: “It has come down to a political 
decision now,’ says Susie Grant, a conservation 
scientist at the British Antarctic Survey. 

If the proposals do not gain consensus by the 
end of the annual meeting on 1 November, they 
could in principle be considered at next year’s 
meeting. But the need for all members to agree 
means that rejection would effectively kill these 
and any similar plans until there is a major shift 
in political ideology. Without an agreement 
this year, says Grant, “CCAMLR will have to 
consider very carefully what that means for the 
commitments it has made to conservation”. m 


CORRECTIONS 

In the Editorial ‘Fighting chance’ (Nature 
490, 144; 2012), we implied that the link 
between a genetic variant and educational 
attainment was identified by the Social 
Science Genetics Association Consortium. In 
fact, it was identified, and refuted, in earlier 
work done by Daniel Benjamin. 


In the News story ‘Economics and genetics 
meet in uneasy union’ (Nature 490, 
154-155; 2012), we wrongly attributed 

to Enrico Spolaore the opinion that using 
genetic data in economics could help 
policy-makers to set immigration levels. 
He actually suggested that the work could 
reduce barriers to the flows of ideas and 
innovations across populations. 


fundamental shift is taking place in where, and by whom, 
science is being done. Once, a succession of science 
superpowers were dominant: France, Germany, the 
United Kingdom and the United States. Today, more 
nations — from China and India to Singapore, Brazil and 
South Korea — are taking their place at the high table of research. 
National boundaries are being transcended by networks of col- 
laborators and researchers who are much more mobile than in the 
past. Academics are moving to where the funding and facilities 
are. As Rajika Bhandari of the Institute for International Edu- 
cation puts it: “Knowledge generation and research is really a 
border-less enterprise”. 
This special issue of Nature looks at how this movement of 
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are being replaced by ‘brain circulation, in which scientists move 
more fluidly around the world (see page 326). Analysing data on 
co-authorship, a Comment on page 335 charts the rise of col- 
laboration networks — in Asia, Africa, the Middle East and South 
America — and challenges the traditional science heavyweights 
to keep up. 

But ideas and talent could still circulate more freely, both within 
and between nations. On page 331, eight leaders of institutes and 
research programmes worldwide outline the steps that must be 
taken to raise the scientific bar in their countries. And on page 
337, Subra Suresh, head of the US National Science Foundation 
in Arlington, Virginia, calls for greater cross-border cooperation 
and the pooling of resources to address global challenges such as 
climate change, pandemics, earthquakes, 


is done, how it is funded and the ques- 
tions that it addresses. A News Feature 
explores data on migration and explains 
that ideas of ‘brain drain’ and ‘brain gain’ 


people and ideas will change how science 


THE NEW MAP OF SCIENCE 


The changing global landscape 
of research. nature.com/global 


nuclear catastrophes, water shortages 
and malnutrition. Science must go truly 
global if it is to equip us for life on our 
changing planet. mSEE EDITORIAL. 309 
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usband-and-wife neuroscientists Yuh Nung Jan and 

have run their laboratory at the University of California, San 

Francisco, for more than three decades: time enough to see 

the geography of the science world change. When the Jans 

started hiring employees in the 1980s, they chose home-born 
scientists. Nine of their first eleven employees were American. 

But Yuh Nung and Lily — who themselves arrived in the United States 
from Taiwan in the 1960s — have increasingly drawn on talent from 
overseas. Today, researchers originally from China dominate the bench 
tops, with the lab hosting 16 Chinese scientists, 12 Americans, 2 Koreans 
and 1 researcher each from Canada, India, Singapore, Taiwan, Turkey 
and Germany. 

The Jans’ story is not unusual. “There is a progressively wider geograph- 
ical variety of graduate students and postdocs in most leading universi- 
ties? Yuh Nung says. During the 1970s, for example, non-citizens claimed 
around one-quarter of the doctorates awarded in the United States in 
physical sciences, engineering, mathematics and computer science; but by 
2010, their share had risen to more than half, according to the US National 
Science Foundation. In life sciences, the foreign share has 


culture, is now a global marketplace, and one in which countries with 
well-funded and dynamic research systems come out on top. “Knowl- 
edge generation and research is really a borderless enterprise,” says 
Rajika Bhandari, who studies the mobility of international students at 
the Institute for International Education in New York. “Academics go 
where the funding is and where the facilities are.” 


COMINGS AND GOINGS 
Yet the global picture of these migrations is blurry. When tracking 
arrivals and departures, most countries lump scientists with other 
‘highly skilled migrants, and record-keeping differs from country to 
country. “What's very frustrating is that there is no consistent tracking 
of people using the same methodology across countries,” says Paula 
Stephan, who researches economics and science at Georgia State Uni- 
versity in Atlanta. “We have lots of little studies on particular groups of 
scientists, but no world bank of data” 
Talk of ‘migration’ and ‘mobility’ often confuses permanent long-term 
relocations with the short-term visits — six-month sabbaticals or fort- 
night-long trips — that allow scientists to build research 


risen from just under 20% to 30%. The United Kingdom, “ Knowledge networks without actually settling in another country. 

Germany and Australia have seen similar trends. . “There are so many kinds of mobilities, and people rarely 
By sifting through data, talking to experts and generation specify this,” says Grit Laudel, a sociologist at the Univer- 

conducting our own survey of 2,300 readers around the and research sity of Twente in Enschede, the Netherlands. 
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explore how they may change. At stake is the shape of global borderless Biotechnology in December. The authors asked around 

science and the prospects for individual countries that hope enterpri se.” 17,000 researchers in four fields (biology, chemistry, Earth 


to build up — or preserve — their research strength. 

It is plausible — although hard to prove — that highly productive 
research systems such as those in the United States and the United King- 
dom have benefited from their openness to foreign scientists. To the 
Jans (who together won this year’s US$500,000 Gruber prize for their 
discoveries in molecular neurobiology), the advantages are obvious. 
They believe that foreign researchers enrich the lab culturally as well as 
scientifically. Being able to draw on a global talent pool may also help to 
make up for weaknesses in the US science-education system. 

But some countries worry that they are losing their top researchers. Of 
the world’s most highly cited scientists from 1981 to 2003, one in eight 
were born in developing countries, but 80% of those had since moved 
to developed countries (mostly the United States), according to a 2010 
study by Bruce Weinberg at Ohio State University in Columbus. India, 
for example, loses out, says Binod Khadria, an economist who studies 
international mobility at Jawaharlal Nehru University in New Delhi. 
“The best and brightest are kept in other countries.” 

All this underscores that science, which has always been a global 
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and environmental sciences and materials) in 16 countries 
about their movements; the result was what they call “the first systematic 
study of the mobility of scientists in a large number of countries”. 

The numbers show big disparities from country to country, both in 
the proportion of scientists with foreign origins (see ‘Foreign fractions’) 
and in the proportion of researchers who work outside their countries 
of origin (see “The global diaspora). The United States is indeed open: of 
the respondents working or studying there when the survey was done in 
early 2011, 38% were brought up overseas, and it is the number-one desti- 
nation for expatriate scientists from almost every nation. Proportionally, 
however, Switzerland, Canada and Australia all housed more foreign 
researchers than the United States, with Switzerland having the highest 
foreign share, at 57%. India had the lowest proportion of foreign scien- 


tists, followed by Italy 
THE NEW MAP OF SCIENCE 
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THE GLOBAL DIASPORA 


Of countries in the GlobSci survey of 17,000 researchers, India sends 
the largest proportion of its scientists overseas. European countries 75% of those who 
also have high rates of emigration. leave India go to 
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United Kingdom head to Australia, 
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Developed countries have the highest proportions of foreign scientists, 
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LANDS OF PROMISE 


China topped predictions of f 
But few of the respondent: 


Survey conducted by Laura Harper and Fiona Watt. 
D See interactive graphics and full survey results at: 
go.nature.com/pacjui 


WEIGHING UP A MOVE 


Nature’s survey asked respondents how important various factors 
would be in making a decision about working abroad. 


Incentives for migration 


Important Not important) = % Don’t know jl 
aS i: 
43 
88 84 11 
56 
Improved More research Better Desire to experience 
quality of life funding salary another culture 


overseas. (The survey did not include China.) Japanese and US research- 
ers were the least likely to be working abroad. 

Career stage affects scientists’ mobility. Chiara Franzoni, another 
GlobSci author, who studies science and innovation at Milan Polytech- 
nic in Italy, has done an unpublished analysis of the GlobSci data and 
shown that a country’s postdocs are much more likely to be foreign- 
ers than its professors (see ‘Restless youth’). In the United States, for 
example, 61% of postdocs were brought up overseas — but only 35% of 
assistant, associate or full professors. 

Nature found similar patterns when it surveyed readers about their 
attitudes toward migration, and their own histories. Those who had just 
obtained their PhDs were much more likely to be living outside their 
country of upbringing than were more senior scientists — and they were 
also more open to an international move, presumably because their 
career paths were not settled and they were less likely to be tied down 
by relationships and families. The proportion of respondents who said 
they were “not interested” in international relocation rose from a mere 
10% in those who gained their doctorates within the past two years to 
40% in those who had done their PhD at least 16 years ago. 

“One take-away from a policy perspective is that if you are trying to 
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impact in a Nature survey of 2,300 respondents worldwide. 
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Respondents were asked: 


Which countries have the greatest 
scientific impact today? 
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bring people back who have studied overseas, then you should target 
the young because they are more likely to move,’ says Patrick Gaule, an 
economist who studies science and innovation at Charles University 
in Prague. He has tracked the movements of almost 2,000 senior-level 
foreign chemists affiliated with US universities between 1993 and 2007. 
Only 9% will return home by the end of their professional career, he esti- 
mates, and those that do are seven times more likely to return between 
the ages of 35 and 45 than after 50. 


ITCHY FEET 

What policy-makers eager to attract foreign scientists — or stem a loss 
of domestic talent — most want to know is what entices scientists across 
borders. 

In the GlobSci survey, migrants uniformly put the same two factors at 
the top: opportunities to improve their career prospects and outstanding 
research teams. The excellence of the foreign institution was also impor- 
tant, with quality oflife and other personal reasons coming further down 
the list. For those who had migrated abroad and subsequently returned 
to their country of origin, however, personal and family reasons scored 
highest. 
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Many economists note that the richer a country becomes, the more 
researchers tend to flock to it. Gross domestic product and wage levels 
are convenient metrics, but it is unlikely that they alone are the lure: they 
almost certainly correlate with career opportunities and top research 
facilities, for example. 

But wealth is not the whole picture: dynamic, flexible and competitive 
systems for funding and advancement are also crucial, notes Kieron 
Flanagan, who studies science and technology policy 
at the University of Manchester, UK. Japan and Italy, 
for example, are wealthy nations yet attract few foreign 


“The key thing is 


FEATURE | NEWS 


past few years (although the data do not single out scientists), notes Cong 
Cao, a sociologist at the School of Contemporary Chinese Studies at the 
University of Nottingham, UK. But Finn says that there is no sign yet of 
any overall decline in stay-rates in the United States. The proportion of 
foreigners who say that they have “plans to stay” after graduation has gone 
up, not down, over the past decade, he points out. 

And the lure of China remains faint for non-Chinese scientists. 
Nature’s survey (which drew responses mainly from 
the United States and Europe) asked researchers 
which countries would be producing the best science 


scientists because of their relatively rigid bureaucracy. tohaveas trong 7 in their field by 2020, and more than 60% of respond- 
“It's hard to get a job when you go there,’ Flanagan enou gh science ents in both biological and physical sciences picked 
says, “and when you're in, it’s hard to get rid of you.” ° China as an option. However, only 8% said they would 
A rigid system can also discourage native-born base to interact be prepared to relocate to China — instead preferring 
researchers from emigrating, Laudel says, noting that with a g lobalized the United States, Europe, Canada and Australia (see 
in Germany and the Netherlands, young scientists are and mobile ‘Lands of promise’). Responses suggested that China 
encouraged to go abroad, but swiftly return. “People ‘< ee yy  isunappealing for foreign researchers for political and 
tell me: ‘I must go back to Germany, or I will never fs cultural reasons (see ‘Weighing up a move, despite 
Il me: ‘ go back to Germany, or I will scientific world Itural (see ‘Weighing up > desp 


be able to get back into the system,” she says. “If you 
return too late you dont fit the career structure any more.” 

Atsushi Sunami, an expert in science and technology policy at Tokyos 
National Graduate Institute for Policy Studies, points to another reason 
for Japan's insularity: culture. “Often when we ask foreign researchers 
about their daily research activities, they say it’s fine but it’s hard to adjust 
to our society outside of the laboratory.’ In some respects, researchers 
considering an international move are like all migrants, weighing up 
factors that include wages and career prospects, but extend to quality 
of life, schooling for any children and career prospects for spouses, says 
Louise Ackers, who studies the movement of European scientists at the 
University of Liverpool, UK. 

Governments can try to tip the scales through immigration policies 
and travel incentives. Europe, for example, has programmes to encour- 
age travel within the multi-country European Research Area; China has 
a ‘One Thousand Talents Scheme to recruit academics from abroad, as 
well as to persuade Chinese scientists to return. Recently, says Bhandari, 
“China and South Korea have done a much better job of deliberately cre- 
ating well-structured incentives and opportunities for students to return 
back home, than, say India” And in the United States, both presidential 
candidates have said that they would like to expand the availability of 
visas for skilled immigrants. 

Yet a dynamic, well-funded science system seems to trump all other 
incentives. Even the visa crackdown after 9/11 did not dent science 
students’ enthusiasm for migrating to the United States. “Despite all the 
hand-wringing and the concern that numbers would plummet, statisti- 
cally there was only a 2% drop in international student enrolment,’ says 
Bhandari. “By 2006 the numbers were rebounding.” 


THE CHINA QUESTION 

US science-policy experts are asking how long the nation can retain 
its grasp on foreign talent. The country’s largest contingent of foreign 
doctoral students in science comes from China, and research by Mike 
Finn, an economist at the Oak Ridge Institute for Science and Educa- 
tion in Tennessee, shows that for now, most stay on. Studying a cohort 
of Chinese scientists who had received their PhDs in 2004, Finn found 
that five years later, 89% were still in the United States. 

Higher salaries may be the biggest attraction. Robert Zeithammer, at 
the Anderson School of Management at the University of California, 
Los Angeles, has surveyed almost 300 Chinese science students studying 
for their doctorates in the United States, asking them for their reactions 
to hypothetical job offers from the two countries. “Chinese doctoral 
graduates currently tend to remain in the United States because of a 
large salary disparity between the two countries rather than because of 
an inherent preference for locating in the United States,” he concludes. 

But as China continues its economic rise and builds its science infra- 
structure, that may change. Data from China's Statistical Yearbook show 
aslight uptick in return rates of Chinese students from abroad over the 


high expectations for the future quality of its research. 

Such a disparity could be dangerous, says Jonathan Adams, director 

of research evaluation at Thomson Reuters, which is based in New York. 

If researchers in Europe and the United States do not spend serious time 

in China, he says, they will find it hard to understand how research is 
conducted there, even as the country’s influence in science grows. 


WIN-WIN? 

Those who study scientists’ mobility argue that the discussion need not 
pit nation against nation, as if China’s gain is the United States's loss. In 
place of ‘brain drain’ and ‘brain gain, they prefer to talk about ‘brain cir- 
culation, in which international scientists dip in and out of countries at 
will, and everyone benefits from the collaboration. “Of course America 
will decline in relative terms, as the United Kingdom has, but it will do 
enough leading-edge research to benefit from work done elsewhere,” 
says Flanagan. “The key thing is to have a strong-enough science base 
to interact with a globalized and mobile scientific world” 

Researchers at the Dutch publishing firm Elsevier, who are tracking 
the movements of scientists by following their publishing addresses, 
have detected hints of that pattern. Most notable among the early results 
for each country is a large proportion of ‘transitory’ scientists, who stay 
in a country for less than two years at a time. The University of Liver- 
pools Ackers adds that some evidence, including a survey of researchers 
in Europe’s Marie Curie Fellowship Programme, suggests that shorter, 
more frequent visits are increasingly supplementing long-term travel 
to other labs. 

With the Internet making it easier to work with international 
collaborators at a distance, Ackers suggests, repeated week- or month- 
long visits can yield as much as, if not more than, a half-year stay. “The 
old idea of researchers moving permanently from one country to 
another is now quite outdated,’ she says, adding that it will become 
increasingly common for people to live in one country but work in two 
or three. With all this globe-hopping, the question is how long research- 
ers will need to spend in the same place for effective collaboration — an 
answer that will surely differ between disciplines. 

Yet this vision of a globalized, circulating world is still a long way from 
reality: very few scientists are global citizens, popping in and out of the 
best research facilities. And in developing countries such as India, “brain 
circulation” does not accurately reflect the situation, says Khadria. For 
him, the brain drain is still very real. “It is not the top-of-the-line sci- 
entists who come back; rather, they return at a time when most of their 
productive work is over,’ he says. 

Science may increasingly be a globalized enterprise, but until would- 
be competitors boost their spending on science and facilities, it will sim- 
ply give scientists even more opportunities to clump inside the countries 
that are already at the top of the pack. m= 


Richard Van Noorden is a reporter for Nature in London. 
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South Korean President Lee Myung-bak (second from left) talks to young scientists at the Korea Institute of Science and Technology in Seoul. 


How to build science capacity 


Eight leaders propose ways to boost research in their countries in the next decade. 


Singapore: Build 
global networks 


Chairman of the Agency for Science, 
Technology and Research, Singapore 


Last year, Singapore celebrated 20 years 
of government investment in science and 
technology. From 1991 to 2010, public 
expenditure on research and development 
doubled, from 0.4% to 0.8% of the gross 


domestic product. The number of research 
scientists in the public sector quadrupled, 
to nearly 13,000. 

One great success is our scholarship pro- 
gramme. Since 2001, it has enabled talented 
young Singaporeans to pursue education and 
training — from the undergraduate level to 
the postdoctoral — in leading universities 
and labs around the world. These students 
then return to Singapore to continue their 
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research for up to six years. Working abroad, 
they see first hand that a rich milieu is crucial 
to the pursuit of excellent science. They bring 
back new networks and collaborations. 

For the past five years, we have also pro- 
vided support for students and researchers 
from beyond Asia to participate in under- 
graduate research attachments and doctoral 
and postdoctoral stints in Singapore. So 
far, we have attracted more than 600 young 
researchers from more than 50 countries, 
including the United States, Brazil, the 
United Kingdom, Russia, Egypt, Sudan 
and Australia. 

Many of these students have told me 
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> that they are grateful for the opportunity 
to come to Singapore and to work in a world- 
class research environment in Asia. They 
often say that they were surprised by the 
excellent infrastructure, resource support 
and quality of science, as well as the pres- 
ence of leading researchers from around the 
world. Many see Singapore as a gateway to 
the region and hope to stay in Asia to further 
their careers. 

These young international students add to 
the research landscape a richness and diver- 
sity not otherwise possible in a country as 
small as Singapore. Eventually, they will also 
connect Singapore to research communities 
around the world. 


BERNIE FANAROFF 
South Africa: 
Think big 


Director of the Square Kilometre 
Array, South Africa 


Building science capacity might not have 
seemed a priority after South Africa's tran- 
sition to democracy in 1994. But in 1996, 
a government white paper underlined the 
importance of building competence in 
“flagship” sciences. Not to do this, it argued, 
would be to take the view “that we are a 
second-class nation chained forever to the 
treadmill of feeding and clothing ourselves”. 

The large facilities now available in 
southern Africa have already gone a long 
way towards creating a major centre for 
astronomy — the HESS (High Energy Ste- 
reoscopic System) y-ray observatory, the 
Southern African Large Telescope and the 
MeerKAT radio telescope. The construction 
of the largest part of the Square Kilometre 
Array (SKA) in the region, with 2,700 dishes 
(the rest will be built in Western Australia), 
will make southern Africa a world leader in 
astronomy within a decade. 

Mega-projects such as the SKA raise 
science’s profile and draw in young people 
and resources. Big projects can be won ifa 
country pulls together around a vision, as 
South Africans have in this case. 

The idea of building the world’s largest 
scientific instrument in Africa caught the 
imagination of people across the continent. 
The rest of the world was initially sceptical, 
but the outstanding work done to establish a 
protected site in South Africa’s arid Northern 
Cape province and to build the MeerKAT 
precursor telescope won everyone over. 

South Africa's bid for the SKA was devel- 
oped over nine years, with enthusiastic 
support from government and the public, 
the media, the business community and 
the African Union. The site is scientifically 


excellent and the costs are low. An active radio- 
astronomy community has grown around the 
project. Since 2005, more than 400 research, 
training and study grants have been awarded 
and five SKA university research chairs 
funded. Mutual-benefit agreements made 
with international technology companies 
recognize the quality of our young scientists 
and engineers through joint research. 

The brain drain is being reversed. Out- 
standing astronomers from around the world 
have come to teach and work in South Africa. 
More than 70 SKA grants have gone to stu- 
dents from other African countries. Many 
have returned home and started astron- 
omy courses in places such as Madagascar, 
Mozambique, Kenya, Ghana and Mauritius. 

Building the SKA will help to grow a criti- 
cal mass of young people in Africa who have 
world-class science and technology skills, 
and who are committed to innovation. 


PATRICK AEBISCHER 
Switzerland: Build 
elite institutions 


President of the Swiss Federal 
Institute of Technology in Lausanne, 
Switzerland 


Europe must reform its academic system. 
The region needs more world-class univer- 
sities akin to Harvard University and the 
Massachusetts Institute of Technology in the 
United States. Such elite scientific institutions 
are vital for breeding talent and promoting 
innovation and economic competitiveness. 

The most important step is to give bright 
junior scientists the independence they need 
to establish and develop their careers within 
Europe. They should not have to move to 
the United States, as my generation had to. A 
cross-continent tenure-track system should 
be developed to retain rising stars and build 
a European market for academics. 

More top-tier graduate schools on a par 
with those at the UK universities of Oxford 
and Cambridge must be created to select and 
train the most promising young scientists. 
Competitive fellowships would attract talent 
from all over the world. Trans-disciplinary 
topics such as sustainability or technology 
management should be included in graduate 
courses to provide the broad background nec- 
essary for tackling society’s pressing problems. 

Good leadership and funding are crucial 
in building world-class universities. Univer- 
sity governance procedures must be adapted 
to empower well-respected academics as 
leaders — it is no coincidence that the best 
institutions have prominent figureheads. 
University leaders must see fund-raising 
as a central task. As much as we Europeans 
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cherish our precious state funding, we must 
bring in extra resources to achieve excellence. 
Lively campuses are important assets to 
attract the best students. Building dormi- 
tories, facilities for sport and culture and 
technology parks alongside well-equipped 
research laboratories would reproduce 
the vibrant campus experience of elite US 
universities. European institutions should 
promote their multilingual and cultural 
heritages to attract the brightest students. 
Such improvements are feasible by 2020, as 
my institution has shown — we implemented 
many of these reforms in the past decade. 


RAFAEL CAMACHO 
Spain: Boost 
translation 


Chief executive, Genoma Espana, 
Spain 


Science, like everything in Spain, must 
adapt to the economic struggle. Increased 
investment over the past decade has raised 
the country to ninth in the global rank- 
ing of scientific productivity. The nation’s 
135,000 researchers generate 70,000 scientific 
papers a year. Spain must capitalize by trans- 
lating that research into goods and services. 

As chief executive of Genoma Espaifia, a 
public foundation entrusted by the Spanish 
government to drive biotechnology inno- 
vation, I was appointed in 2009 to design 
and launch InnoCash, a pilot programme 
for adding value to technologies through 
market assessment and innovation financ- 
ing. Three years later, 36 ventures have been 
funded, half in biotechnology and health, the 
rest in nanomaterials, information technol- 
ogy and energy. 

Any ‘accelerator’ programme has three 
drivers: technology, money and talent. 
Showcasing the first was easy — we pro- 
moted patented technologies and results 
to potential investors through an online 
marketplace, linking technology-seekers and 
problem-solvers. 

Mobilizing private money for early-stage 
and high-risk ventures was more difficult. 
As an incentive, Genoma Espafia offered 
part-refundable loans of €14 million 
(US$18.2 million); ultimately, two-thirds 
(€25 million) of the total funding came from 
private companies. As InnoCash proves, a 
modest public investment — just 10% of the 
total after seed grants are repaid — can accel- 
erate technology business. 

The most challenging aspect was finding 
skilled people to lead the ventures. We need 
to identify, train and motivate ‘innopreneurs 
who have technical knowledge, managerial 
skills anda risk-taking attitude. 


S. BALDWIN/CORBIS 


Egypt’s Library of Alexandria is supervising the spread of online science courses in Africa. 


In 2013, a single Research State Agency is 
due to launch, streamlining funding alloca- 
tions. We must make scientific careers in 
Spain more attractive — through better 
contracts, improved recognition and more 
provision for researcher mobility. And we 
must support translational research, so 
that the benefits of Spanish science flow to 
society. 


ISMAIL SERAGELDIN 
Egypt: Share 
knowledge online 


Director, Library of Alexandria, 
Egypt 


Africa produces less science than it could. Its 
home-grown innovations are not being nur- 
tured by governments. Bottom-up initiatives 
are needed. We must use new technologies 
to empower those promoting science in the 
poorest countries. I am involved in two such 
projects. 

One is the Science Supercourse, a col- 
lection of more than 170,000 PowerPoint 
lectures available for free on the Internet 
(see go.nature.com/hlksfr). The project is 
the brainchild of Ron Laporte, an epide- 
miologist at the University of Pittsburgh 
in Pennsylvania, in collaboration with the 
World Health Organization and the Library 
of Alexandria. It is supervised by Laporte 


along with Gil Omenn, a biomedical 
scientist at the University of Michigan in Ann 
Arbor; Vint Cerf, vice-president at Google in 
Mountain View, California; and myself. 

Our lectures — designed by Nobel lau- 
reates as well as young assistant professors 
— distil the latest knowledge in a field in an 
accessible way. In epidemiology and public 
health alone, some 60,000 people have used 
them to reach 1 million students in more 
than 170 countries. 

The second project — a virtual help desk 
for researchers using the Supercourse — 
is still in gestation. Overseen by the same 
team, it will give researchers in develop- 
ing countries, particularly in Africa, guid- 
ance on research methods and statistics so 
that they can conduct, evaluate and pub- 
lish research in international journals. By 
assisting scientists at the outset and during 
analysis, such a programme could markedly 
improve productivity. 

Although the private sector has used help 
desks for decades, the concept has not, to 
our knowledge, been used to provide exter- 
nal support to individual scientists in their 
research. Learning from private industry, we 
intend to begin with a prototype in epidemi- 
ology and health, and later expand to other 
disciplines. 

We have already collected and placed 
in the Supercourse repository many lec- 
tures and books as well as software related 
to research methods and statistics (see 
go.nature.com/ogqfrzg). We invite scientists 
to add materials and to use what is available. 
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NIKOLAY SUETIN 
Russia: Seed 
regional science 


Director of Science and Technology, 
IT Cluster, Skolkovo Foundation, 
Russia 


Half of Russia's scientists left after the politi- 
cal crisis of the 1990s. Since then, the coun- 
try has had no scientific plan. Research 
resources have been misdirected and pro- 
ductivity has dropped, from about 3% of the 
total papers published globally in 1995 to less 
than 2% in 2010. 

Changes in the past decade have been 
more positive. The Russian government has 
increased the funding of scientific research 
from 77 billion rubles in 2006 to 323 billion 
rubles (US$10.4 billion) in 2012. More is 
needed to overcome the prolonged deterio- 
ration of research in Russia and to move to 
an innovation-led economy. 

Russias share of high-technology prod- 
ucts is now only 0.8% of the world market. 
A gap between pure and applied research is 
holding innovation back. Entrepreneurs, 
who turn intellectual property into products, 
are almost absent in Russia. 

The Skolkovo Foundation — a govern- 
ment project that aims to build a Silicon 
Valley environment in Russia (see go.nature. 
com/tjzgdi) — bridges the divide between 
science and industry by supporting the crea- 
tion of innovative companies. 

One of Skolkovo’s first success stories is 
Rock Flow Dynamics (RFD; www.rfdyn. 
com), a company that develops software for 
the petroleum industry. Founded in 2005 by 
three Moscow mathematics and physics grad- 
uates, in 2010 RED attracted an investment of 
$2 million from technology fund Intel Capi- 
tal. Today, RFD sells product licences to oil 
and gas companies around the world. 

Regional growth in science is badly needed. 
Most research is concentrated in the large 
cities of Moscow, St Petersburg, Tomsk and 
Novosibirsk. Cooperation between universi- 
ties and local governments can benefit both, 
as at the South Ural State University in Chely- 
abinsk, where a powerful supercomputer 
centre has been created. Steps to improve 
researcher mobility, perhaps through com- 
petitive programmes such as the 2010 ‘mega- 
grant’ effort to set up a series of elite labs, 
would boost science across the nation. 

With limited money, the Russian Federa- 
tion must pick priority research areas. Infor- 
mation technology is one. The mathematical 
sciences have been strong historically, and 
as local IT companies such as Yandex, 
Kaspersky Lab and Parallels show, Russia 
could become a global leader. In the past 
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ten years, international giants IBM, Boeing 
and Siemens have created research centres 
in Russia. 

Bureaucratic barriers that raise the 
cost of research, such as customs tax for 
imported scientific materials, must also 
be removed. With these steps, Russia can 
regain the position in global science that 
it deserves. 


CARLOS HENRIQUE DE 
BRITO CRUZ 

Brazil: Reward 
quality 


Science director, Sdo Paulo Research 
Foundation (FAPESP), Brazil 


In the past 30 years, Brazil has built a 
broad science base in its universities, 
research institutes and industry. In 2011, 
the nation produced more than 12,000 
doctoral students and 35,000 articles in 
international scientific journals. Growth 
has been impressive. But the system as a 
whole lags behind in quality and impact. 
On average, citations of Brazilian authors 
were the same in 2011 as in 1994: at 65% of 
the world average. 

Boosting Brazilian science requires 
enhancement of the quality and the social, 
economic and intellectual impact of 
research. Reviewers, institutions and agen- 
cies still overvalue quantity — of articles or 
of students. Quality must be better recog- 
nized and rewarded in academic careers 


Singapore’s scholarship programme has been building international links since 2001. 


and in the selection of research-funding 
proposals. 

Brazil's government must develop a plan 
to support around a dozen universities in 
executing excellence programmes that 
would propel institutes to among the 100 
best in the world within a decade. Such 
programmes would improve academic 
governance, raise standards, encourage 
globalization of research projects and sup- 
port worldwide searches for the best fac- 
ulty members, postdocs and students. 

The country already has highly selective 
universities that could become world class. 
The three state universities in Sao Paulo and 
the Federal University 


of Rio de Janeiro, for “ Developing 
instance, admit on jnternational 
average only1in20 connections 
aaa anaes is crucial 
who ap teed rorusing 
oo engmee* research 


ing, it can be 1 in 100. 
Universities across 
Brazil should apply 
more stringent criteria for selecting gradu- 
ate students and reviewing faculty members. 

Developing international connections 
is crucial to raising standards. Brazilian 
scientists should collaborate and publish 
more with researchers from world-class 
institutions abroad. Funding agencies 
should use more international peer review- 
ers in assessing proposals. 

Researchers need greater institutional 
support — including grant-management 
offices — as well as better links to govern- 
ment, business and non-governmental 
organizations. Systems for university gov- 
ernance should promote academic values 


standards.” 
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and merit above petty politics and cronyism. 
Universities should have effective autonomy. 

Improving basic education, stimulating 
young people to seek scientific careers and 
better distributing the scientific enterprise 
across the country are also essential to 
Brazil’s development. Obtaining these 
goals and expanding the base of the 
system does not preclude raising academic 
standards at the top. 


JUNE SEUNG LEE 
South Korea: Back 
blue-skies work 


President, Korea Institute of Science & 
Technology Evaluation and Planning 
(KISTEP), South Korea 


From rubble to research, few nations have 
changed as rapidly as South Korea. Halfa 
century after devastating wars, the country 
is now a member of the Organisation for 
Economic Co-operation and Development 
and hosted the G20 summit in Seoul in 2010. 
Eagerness for learning and investment in sci- 
ence and technology drove this rise. 

Policy-makers recognize that sustaining 
prosperity will take more than mimicking 
high-tech products, as in the past. South 
Korean scientists should contribute to the 
creation of basic knowledge by investing in 
blue-skies research. 

In the past decade, the South Korean gov- 
ernment has doubled its budget for basic 
research — to about US$5.4 billion in 2012 
— and has initiated programmes to build 
infrastructure and to double the number 
of researchers. The number of papers pub- 
lished by South Korean scientists has tripled 
since 2000. 

The government is taking a big risk: there 
is no guarantee that breakthroughs in fun- 
damental research will bring returns. But, 
having experienced the benefits of science- 
driven development, South Koreans are 
ready to return knowledge to others. 

The Institute for Basic Science (IBS), 
headquartered in Daejeon, was launched in 
May and, among other projects, will con- 
struct a heavy-ion accelerator costing about 
$460 million. With state-of-the-art facilities, 
and by attracting at least 50 internationally 
renowned scientists as project leaders (ten 
are already in place), the IBS will become 
a world-class research and development 
complex. 

To further strengthen our science base, 
we must support creativity and reduce 
bureaucracy. Young, inventive South Korean 
scientists must be able to secure positions at 
home, so that those with passion and ambi- 
tion need not go abroad. = 


L. E. ASCUI/REUTERS 
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Bright lines in this map of scientific collaborations between 2005 and 2009 show many joint publications. 


The rise of 
research networks 


New collaboration patterns are changing the global 
balance of science. Established superpowers need to 
keep up or be left behind, says Jonathan Adams. 


fundamental shift is taking place 
A the geography of science. Net- 

works of research collaboration 
are expanding in every region of the globe. 
The established science superpowers of 
the United States and Europe have domi- 
nated the research world since 1945. Yet 
this Atlantic axis is unlikely to be the main 
focus of research by 2045, or perhaps even 
by 2020. 

New regional networks are reinforcing 
the competence and capacity of emerging 
research economies, and changing the global 
balance of research activity. This may well 
reveal different ways of approaching chal- 
lenges, and solutions that are different to 
those of Western institutions. If the science 
superpowers are to avoid being left behind, 
they will need to step out of their comfort 
zones to keep up with the dynamism of the 
new players in this shifting landscape. 

Collaboration is normally a good thing 
from a wider public perspective. Knowledge 
is better transferred and combined by collab- 
oration, and co-authored papers tend to be 
cited more frequently’. But could increased 
global collaboration mean a blending of 


objectives that risks leaving bland priorities? 

Co-authorship is a valid proxy for col- 
laboration because few scientists surrender 
credit for their papers lightly, so we can 
assume that sharing of authorship reflects a 
tangible engagement. Such publication data 
are readily available, cover many countries 
and research disciplines to a good depth, 
and have reasonable consistency across 
decades. 

Changes in the balance of research done 
by the lone scientist and that done by teams 
can be seen in co-authorship data*. Co- 
authorship has been increasing inexorably”. 
Recently it has exploded. 

An issue of Nature today has a similar 
number of Letters to one from 60 years ago, 
but at least four times more authors’. Similar 
observations have been documented from 
clinical science to law. In the early 1980s, 
papers with more than 100 authors were rare. 
By 1990, the annual tally with that number 


THE NEW MAP OF SCIENCE 


The changing global landscape 
of research. nature.com/global 
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exceeded 500 — and it has kept growing. The 
first paper with 1,000 authors was published 
in 2004; a paper with 3,000 authors came 
in 2008. By last year, a total of 120 physics 
papers had more than 1,000 authors and 
44 had more than 3,000 (ref. 6). Many of 
these are from collaborations at the Large 
Hadron Collider at CERN, Europe’s particle- 
physics lab near Geneva, Switzerland. 

This upwards trend in multi-authorship 
will continue through shared global pri- 
orities in health, energy, climate and social 
structures, propelled in part by international 
agencies such as the World Health Organi- 
zation. Some of this growth will not be true 
collaboration but will come from independ- 
ent contributions to joint efforts, usually in 
the form of data, that involve only weak 
intellectual interaction. 


BLURRED BORDERS 

Papers with hundreds of co-authors contrib- 
ute to the apparent pervasiveness of collabo- 
ration between countries. For example, every 
country in Europe co-authors with every 
other country in the region. For the United 
Kingdom and Germany, this collaboration 
is relatively intense and represents many 
individual links. In 2011, the two countries 
had around 10,000 joint publications in jour- 
nals indexed on Thomson Reuters’ Web of 
Science — double the total in 2003 and about 
10% of each country’s total output. Malta, 
by contrast, shares only 50 papers per year 
with the United Kingdom, but that repre- 
sents more than 25% of its total publication 
output. Consequently, distinguishing Malta’s 
own science performance is already impossi- 
ble. This blurring of national distinctiveness 
could be a growing issue. 

According to data from Web of Science, 
the United States currently collaborates on 
3-4% of its papers with each of China (now 
its most frequent partner, with 19,141 papers 
in 2011), the United Kingdom (19,090) and 
Germany (16,753). These totals have all 
roughly doubled in the past decade and have 
increased by half as a percentage of US total 
output. No country shared more than 
1,000 papers in 1989 with any partner. US 
collaboration with Asia is rising steeply, as is 
collaboration between countries in western 
Europe. There is no reason to suppose that 
this will not continue. 

China's rapid growth since 2000 is leading 
to closer research collaboration with Japan 
(up fourfold since 1999), Taiwan (up eight- 
fold), South Korea (up tenfold), Australia 
(more than tenfold) and with every other 
research-active country in the Asia-Pacific 
region. 

The rapid growth of each nation’s 
research base and regional links, driven 
by relatively strong economies investing 
in innovation, will undoubtedly produce 
a regional research labour force to be 
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reckoned with by 2020. Already, cutting- 
edge technology can be sourced from 
research developments in South Korea as 
well as those in Germany. 

India has a growing research network with 
Japan, South Korea and Taiwan, although 
it is not as frequent a collaborator with 
China as one might expect’. In the Middle 
East, Egypt and Saudi Arabia have a strong 
research partnership that is drawing in 
neighbours including Tunisia and Algeria. 
The annual tally of joint Egyptian-Saudi 
Arabian papers has risen tenfold in the past 
decade and is accelerating. Less than 5% 
of these papers have a co-author from the 
United States, the biggest partner outside the 
region for both countries. 

Latin America has an emerging research 
network focused around Brazil, which — 
despite language differences — has doubled 
its collaboration with Argentina, Chile and 
Mexico in the past five years. By contrast, 
Africa has three distinct networks: in south- 
ern Africa, in French-speaking countries in 
West Africa and in English-speaking nations 
in East Africa. 

These clusters indicate that proximity 
is just one of several factors in networks. 
Nigeria, for example, collaborates not with 
its neighbours in West Africa but with 
co-linguists in East Africa. This mirrors a 
global tendency to use paths of least resist- 
ance to partnership, rather than routes that 
might provide other strategic gains. Such 
language links have historically benefited 
the United Kingdom through alliances 
with Commonwealth countries that speak 
English and have adopted similar research 
structures. The United Kingdom cannot rely 
on this to continue. 

This growth of regional collaboration has 
many implications. It amplifies the devel- 
opment of emergent research economies. 
Researchers in Asia, for example, do not 
need recognition from European and US 
authors if their research is being cited and 
used by partners within the region. In the 
short term, students will recognize attrac- 
tive opportunities closer to home, with fewer 
alienating cultural challenges than many 
European campuses have offered. 

Singapore, for example, is already reap- 
ing the benefits of a 1998 policy change 
to attract foreign students. Students from 
China, India and the ten countries in the 
Association of Southeast Asian Nations 
(ASEAN) now comprise about 20% of 
Singapore’s university intake — around 
11,000 full-time students — with another 
20,000 part-time students in other colleges. 
Students from those countries choose 
Singapore for its proximity, its lower cost 
of living compared with Europe and the 
United States and its generous government 
scholarships. Job opportunities are excel- 
lent: bursary holders sign a bond to work in 


Singapore for a fixed period after gradua- 
tion and the government helps them to find 
a job that fits their skills®. 

All of this means that the significance of 
Western research economies as preferred 
partners for research could dwindle. To meet 
this challenge, these economies need to do 
much more than just take fees from immi- 
grant postgraduate students. 

The United States and the United King- 
dom must build new networks by actively 
exporting students to burgeoning science 
centres such as China and India. Research- 
ers must stop expecting scientists from the 
new powerhouses to come to them, and 
should visit collaborators to experience dif- 
ferent approaches — and be ready to learn, 
not just to teach. Travelling recently in the 
Pacific basin, I encountered many university 
leaders trying to increase collaboration with 
Europe, but finding it 


“Themaverick difficult to identify 
and the responsive contacts, 
marginal may despite having excel- 
find a highly lent facilities and staff 
collaborative to offer. 

worlda In short, countries 
difficult place _ inscience’s old guard 


to flourish.” must drop their patri- 
cian tendencies, open 
up clear communication channels and join 
in with new alliances as equal participants 
before they find themselves the supplicants. 
Collaboration between the public and 
private sectors has become more apparent 
because of government interest in exploit- 
ing research for economic competitiveness. 
Some data show that industrial investment 
in research seems to be dropping — perhaps 
a reaction to the recession, but the trend 
seems to be long term, at least in the United 
Kingdom’. Governments need to develop 
an industrial policy that complements 
science policy. Incentives for collaborative 
innovation investment that draws directly 
on the science base would be a good start. 


PATRICIAN TO PARTICIPANT 

So what are the costs and benefits of col- 
laboration? It provides access to resources, 
including funding, facilities and ideas. It will 
be essential for grand challenges in physics, 
environment and health to have large, inter- 
national teams supported by major facilities 
and rich data, which encourage the rapid 
spread of knowledge. 

Collaborative papers tend to get cited 
more often. For example, those published 
jointly by UK and US authors are cited 
on average more often than either nation 
domestically. It also works at the institu- 
tional level, so Harvard University gets 
a boost from collaborative papers with 
the University of Cambridge, and even in 
Nature the US-UK co-papers get relatively 
more citations’. And it follows through 
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to industrial collaboration: when the 
University of Oxford collaborates with 
GlaxoSmithKline, for example, the papers 
are cited roughly four times as often as the 
world average for their field. 

Research networks are a tool of inter- 
national diplomacy. Germany exports 
excellent research equipment within its part- 
nerships. China expands its cultural influence 
through the regional programmes it funds. 

As for costs, collaboration takes time and 
travel and means a shared agenda. Of wider 
concern as teams proliferate is that individu- 
als could end up working only on topics that 
peer consensus defines as the most interest- 
ing. The diversity of choice and opportunity 
may be diminished. The risk is that inter- 
national, national and institutional agendas 
may become driven by the same bland estab- 
lishment consensus. 

This global tendency for convergence 
became obvious in 1997 when Tony Blair, 
then UK prime minister, adopted the same 
technology priorities set out by Bill Clin- 
ton and Al Gore in their 1992 presidential 
campaign, including biotechnology, health 
and environment. By 2000, the UK regional 
development agencies had supported the 
same missions rather than choose those 
that played to regional university strengths””. 
Leading research universities in North 
America, Europe and Asia identify strategic 
missions in similar areas. 

It is difficult to go your own way ina vil- 
lage, even one that is global. But the success 
of science has been the crossing of separate 
strands of thought and practice that are 
more innovative at the edges than at the 
core. The iconoclastic, the maverick and the 
marginal may find a highly collaborative 
world a difficult place to flourish. Research- 
funding agencies should maintain a bal- 
ance. Collaborative grand challenges seize 
headlines, but so do Nobel prizes — and 
only three people can share one of those. = 


Jonathan Adams is director of research 
evaluation for Evidence, part of Thomson 
Reuters, in Leeds, UK. 

e-mail: jonathan.adams@thomsonreuters. 
com 
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The Atacama Large Millimeter/Submillimeter Array (ALMA) telescope in Chile is a massive collaborative effort between many countries. 


Global challenges 
need global solutions 


Subra Suresh sets out the institutional reforms needed for collaborative action among 
international research- funding agencies to tackle the challenges humanity faces. 


r | he challenges confronting global 
decision-makers are growing in 
complexity, intensity and urgency. 

Environmental change, pandemics, natural 

disasters, nuclear catastrophes, displaced 

populations, water shortages, rising ocean 
levels and widespread malnutrition do 
not stop at national borders or the water's 
edge. Addressing such issues requires cross- 
border cooperation and pooled resources. 
Fortunately, the rapid growth in research 
capability around the world provides a strong 
foundation for finding science and engineer- 
ing solutions to global challenges. Convinced 
that frontier research and technological inno- 
vation will spur strong economic growth, 
more and more countries are committing 
substantial sums to science and engineering 
research and education. Collectively, global 
investment in research and development has 
doubled within the past 15 years to about 
US$1 4 trillion annually (amount adjusted for 
purchasing-power parity)'”, even through the 
turmoil created by the global financial crisis. 
Iam convinced that greater collabora- 
tion will maximize the effectiveness of 
those investments. Without a coordinated 
global response, humanity will not over- 
come the challenges it faces. That is why I 


have strongly supported the efforts of the 
US National Science Foundation (NSF) to 
harmonize global research initiatives among 
science-funding agencies. 


FOUR RECOMMENDATIONS 

What are the barriers to cross-border 
scientific collaboration? One is the current 
framework for investment in research and 
development. Funding is governed and con- 
strained largely by national and local policies, 
processes and priorities. These frequently 
impede cooperation among different govern- 
ment agencies, institutions and individuals. 
There are many more. For example, scientific 
peer review needs to be consistent across bor- 
ders. Scientists need to be assured that data 
generated through cross-border collabora- 
tions meet certain standards of quality and 
research integrity, and that they will be 
preserved and accessible to other research- 
ers — and the public — in the future. There 
are issues of intellectual-property rights, and 
constraints on the mobility of scientists. 


THE NEW MAP OF SCIENCE 


The changing global landscape 
of research. nature.com/global 
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Removing these barriers will require pro- 
active principles and policies, developed and 
implemented collectively. To this end, I have 
four recommendations. 


Standardize the principles for merit review 
and research integrity. Every funding 
agency needs a transparent, impartial and 
consistent peer-review process to pick the 
most scientifically productive ideas and peo- 
ple in the most ethical way. The patchwork 
of review processes currently in use in differ- 
ent countries is hindering scientific progress. 
Consequently, there is growing enthusiasm 
about, and commitment to, coordinating 
efforts to improve peer review from many 
science-funding agencies and other organi- 
zations in government, education, and the 
charitable and private sectors, in both devel- 
oping and developed countries. 

To support this, the Global Research 
Council (GRC; www.globalresearchcoun- 
cil.org) was established in May at the NSF, 
bringing together leaders of key science- 
funding organizations. At its inaugural 
meeting, some 50 heads of research coun- 
cils — mostly from countries within the 
G20 and the Organisation for Economic Co- 
operation and Development — collectively 
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developed a set of principles for effective 
merit review. These set out six key ingre- 
dients: expert assessment, transparency, 
impartiality, appropriateness, confidential- 
ity, and integrity and ethical considerations. 
The GRC statement reads: “Rigorous and 
transparent scientific merit review helps to 
assure that government funding is appro- 
priately expended on the most worthy pro- 
jects to advance the progress of science and 
address societal challenges.” The fact that so 
many of the world’s leading science-funding 
agencies voluntarily and unanimously 
endorsed such a public statement is a 
crucial step towards increasing collaborative 
transnational research agreements. 


Share resources to increase the scope and 
global impact of scientific experimentation. 
Multi-user facilities enable important scien- 
tific discoveries by maximizing resources at 
a time when many countries face economic 
constraints. Astronomy offers many examples 
of how this approach works. In the 1950s, the 
NSF led an effort to ‘democratize’ the field by 
establishing national observatories. Today, 
radio, optical and solar telescopes around the 
world serve thousands of scientists and stu- 
dents. Consider the Very Large Array radio 
telescope built by the NSF in 1980. More than 
2,500 scientists from around the world have 
used this telescope for more than 13,000 pro- 
jects. Within the past decade, a partnership 
between funding bodies in North America, 
Europe and East Asia, in cooperation with 
Chile, developed and built the Atacama Large 
Millimeter/Submillimeter Array (ALMA) 
telescope, which is already a testing ground 
for theories of star birth and stellar evolution, 
galaxy formation and evolution, and the evo- 
lution of the Universe itself. 

Another model for focused global inter- 
action is CERN, Europe's particle-physics 
laboratory located near Geneva, Switzerland. 
Discoveries here, suchas the potential identi- 
fication of the elusive Higgs boson, have been 
made by collaborations among scientists and 
funding from government agencies in many 
countries. Two further initiatives deserve 
mention. The Science Across Virtual Insti- 
tutes project, launched by the NSE, promotes 
collaborations in research and education 
between NSF-supported research commu- 
nities in the United States and many overseas 
partners. And the NSF has teamed up with 
the US Agency for International Develop- 
ment to form the Partnerships for Enhanced 
Engagement in Research programme, which 
supports collaboration between scientists in 
developing countries and in the United States. 

A crucial element of international arrange- 
ments for scientific collaboration is the need 
for long-term commitments. Every effort 
should be made at the outset to support 
infrastructure and operating expenses, and 
to develop contingency plans for unexpected 


shortfalls in funding. Such shortfalls, often 
caused by economic downturns, have detri- 
mental effects on global science, with a loss 
of initial investments, loss of momentum in 
executing the research and the erosion of 
trust and goodwill among partners. 


Explore new ways to share the research 
output of major scientific infrastructure 
projects. Given that scientific credit is meas- 
ured by priority, publications and patents, 
collaborative research output should be 
shared among all involved. The Antarctic 
Treaty is a model here. Under the treaty, the 
28 consultative parties provide scientists 
with logistical support and operational 
and laboratory facilities in the Antarctic. 
Research observations and results from sci- 
entific work in the Antarctic then have to be 
made freely available to everyone. 

A similar example of international collabo- 
ration is being implemented in parallel with 
the final stages of construction of ALMA. The 
ALMA Correlator — one of the world’s fast- 
est special-purpose 


“Integr ating supercomputers — 
diff erent is already provid- 
perspectives ing astronomical 
will alter, images for users on 
energize and several continents. 


enrich science.” Ultimately, research 
data acquired from 
ALMA will be available to all, giving research- 
ers around the world the chance to benefit 


from this scientific infrastructure. 


Develop policies and mechanisms to guide 
the collection, analysis and distribution of 
‘big data’. Over the past few years, new sci- 
entific instrumentation, computational hard- 
ware and software, and theoretical analysis 
have markedly increased the sophistication, 
resolution, reach and scope of data collection, 
generating huge data sets. For example, the 
Large Synoptic Survey Telescope — a part- 
nership involving the NSE, the US Depart- 
ment of Energy and private, educational and 
international contributors — will probe dark 
energy and dark matter, inventory the Solar 
System, explore the transient optical sky and 
map the Milky Way. It is expected to generate 
tens of terabytes of data per day. 

Such volumes of data have to be organized, 
manipulated, integrated, distributed and 
stored — a process that poses major chal- 
lenges. Together, funding agencies, research 
institutions and scientists must develop 
new ways to extract useful knowledge from 
mountains of information. Funding agencies 
must support studies of data gathering, access 
and storage so that information creation does 
not streak too far ahead of information cura- 
tion. Policies must be formulated to ensure 
the privacy and confidentiality of sensitive 
data, and to safeguard intellectual-property 
rights and cyber security. 


338 | NATURE | VOL 490 | 18 OCTOBER 2012 


© 2012 Macmillan Publishers Limited. All rights reserved 


BETTER TOGETHER 

These four steps require policies to promote 
the greater mobility of researchers, especially 
young scientists and students, across inter- 
national borders. And there are further ques- 
tions that the GRC and other international 
bodies are beginning to address, and which 
demand well-coordinated international 
efforts. For example, who will craft policy 
and ensure compliance for the benefit of the 
global scientific enterprise? How will the 
increased interconnectivity of individuals and 
institutions alter the dynamics of the global 
enterprise for knowledge generation? And 
how will institutions and individuals — from 
nations with very different histories, levels of 
research experience, financial resources, indi- 
vidual freedoms, priorities and laws — par- 
ticipate in a global enterprise while addressing 
national and local needs? 

The future of science will be influenced 
by the interconnectivity of governments, 
research and educational institutions, and 
individual citizens around the globe. Integrat- 
ing different perspectives will alter, energize 
and enrich science. 

But policies for new modes of collabo- 
ration have implications that go beyond 
scientific progress. How the science and 
technology community organizes itself for 
the global era may determine how effectively 
humanity can tackle major societal chal- 
lenges. The increasing integration of social, 
behavioural and economic sciences with 
the natural sciences and engineering will be 
essential in this regard. 

I am encouraged by the energy, enthu- 
siasm, commitment and seriousness of 
the members of the GRC. They represent 
an expert, interconnected global research 
enterprise that has decision-making author- 
ity, recognizes funding constraints and shows 
a genuine desire to engage developed and 
developing nations in the advance of global 
science. The next meeting of the GRC will be 
co-hosted by Brazil and Germany in Berlin in 
May 2013 (go.nature.com/wtgam1). Itaims to 
endorse principles of research integrity and 
to begin to develop common policies and 
guidelines for implementing open access to 
scientific publications and data. Significant 
progress in these areas will have major impli- 
cations for government funding agencies, 
for the researchers they support, and for all 
the people who will benefit globally from the 
results of these endeavours. m 


Subra Suresh is director of the US National 
Science Foundation, Arlington, Virginia 
22230, USA. 

e-mail: ssuresh@nsf.gov 


1. National Science Board. Science and Engineering 
Indicators 2012 (National Science Foundation, 
2012). 

2. Grueber, M. & Studt, T. R&D (16 December 2011); 
available at http://go.nature.com/v2xzms. 
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array of extraordinary coping mechanisms. 


Tales from the canopy 


Sandra Knapp considers how the laws of physics influence the function 


of leaves in myriad ways. 


e live highly networked lives 
at what often seems like warp 
speed. When you think about 


how complicated all that commuting, pre- 
paring and organizing is, spare a thought 
for the leaves above. As plant physiologist 
Steven Vogel reveals in The Life of a Leaf, 
coping with physical variables that humans 
barely notice — wind, rain, sunshine — 
makes for a tough existence at leaf level. 
Vogel celebrates serendipitous discoveries 
and ideas, describing his own in detail, and 
shows the general reader just how exciting 
science can be. His observations of rhodo- 
dendron leaves rolling into cigar-shaped 
tubes led him to experiments showing how 
leaves keep themselves warm. And his use 
of down time in a local wind tunnel one 
Thanksgiving inspired him to discover how 
leaves handle high winds. Both are great 
examples of how a seemingly crazy idea can 
ultimately generate new understanding. 


Leaves cover vast 
stretches of terrestrial 
Earth’s surface, and 
enable much of life 
itself through oxy- 
gen-producing pho- 
tosynthesis. Yet we 
only really notice this 
multilayered canopy 
when leaves change 
colour in the autumn, 
drop off owing to 
drought or block the 
sunlight we crave. The 
physical environment that leaves experience 
is like our own, but subtly different, because 
leaves can’t move much. Vogel lucidly out- 
lines the physics and engineering challenges 
that this presents. 

His central focus is on a leaf’s function, not 
its structure. He explores the amazing things 
that physical features do for organisms: how 


The Life of a Leaf 
STEVEN VOGEL 
Univ. Chicago Press: 
2012. 320 pp. $35, 
£22.50 
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daffodils bloom through the snow without 
ice crystals bursting their cells; how sap rises 
to the tops of the tallest trees; how leaves 
avoid tearing in strong winds. The physics of 
these phenomena is incredible. 

We usually think of physics as informing 
biology. Vogel shows that in many cases, it 
is the other way round. Physiologists have 
discovered basic principles in biological 
systems that have later been shown to be 
universal and have become the stuff of fluid 
dynamics. For example, nineteenth-century 
French physiologist Jean Louis Marie Poi- 
seuille devised an equation explaining the 
pressure gradient for liquid upflow in small 
tubes, such as the conducting tissue of plants. 
And German physiologist Adolf Eugen Fick 
formulated the law that describes the central 
relationship of diffusion across gradients. 

Vogel weaves equations and jokes 
together seamlessly. For the many people 
who can't ‘read’ equations, he explains 
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them verbally, then discusses them in 
amore conventional way in footnotes. He 
further enlivens the proceedings by link- 
ing the equations with the personalities 
and lives of the scientists after whom they 
are named. For instance, the Scholander 
bomb, a device used to measure pressure 
in stems, gets its name from the Scandi- 
navian-born physiologist Per Scholander 
(1905-80), who was renowned for his 
ingenious experimental-apparatus designs. 
Vogel’s approach certainly worked for me. 

As for the jocularity, there is much that 
is quotable. I love the description of the 
superhydrophobicity of leaves as “particle 
pickup predilection’, and the idea that ice 
is “toxic water” from a leaf’s perspective. 
But some of the puns jar — the phrase “to 
a plant, our water loss problem would be a 
wet dream” struck me as condescending 
and crass. 

Gags notwithstanding, Vogel does 
makes the conscientious reader work, 
although this is more of a challenge than a 
chore. His focus leaves some issues hang- 
ing — forcing us to dig further elsewhere. 
And he rightly notes that there is still a lot 
to discover. How, for example, do decidu- 
ous trees re-establish unbroken water 
columns through their trunks to the new 
leaves in spring? 

He even urges readers to do their 
own demonstrations and experiments 
at home, to illustrate basic principles 
in a way that words never can. A loop 
of thread placed in a glass of water will 
not form a regular shape, but add a bit 
of detergent to reduce the surface ten- 
sion and hey presto: a perfect circle (and 
party trick). And itis fun to whirl around 
in the garden holding a stick with leaves 
attached to the end — especially if you're 
demonstrating how the leaves behave in 
the ‘wind’ you create, which can easily 
reach 30 kilometres an hour. 

The role of phylogeny — the evolu- 
tionary relationships between plants — 
is completely left out of this book. Vogel 
is a proponent of the adaptationist pro- 
gramme, in which every feature has a 
function that serves the organism well. 
He pays lip service to an alternative view 
by referencing his late friend Stephen Jay 
Gould, but I think the role of chance in 
evolution deserves more than just a men- 
tion. Features of organisms do not always 
have a purpose. Sometimes they just are. 

Probably the central theme of The Life 
of a Leaf is extracting the extraordinary 
from the ordinary. In a way, Vogel’s view 
is that science is at its heart simple — and 
great fun. I couldn't agree more. m 


Sandra Knapp is a botanist at the 
Natural History Museum in London. 
e-mail: s.knapp@nhm.ac.uk 
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Life in a cage disconnects animals from the natural world and breeds apathy. 


The animal inside 


Josie Glausiusz contemplates a documentary on the 
human relationship with animals confined and stuffed. 


lion lies asleep atop a glass roof inside 
A: wire enclosure. Beneath the glass, 

within an enclosed walkway, tourists 
lift their smartphones and snap photos of the 
torpid feline. What do they see when they 
look at it — a magnificent beast, or a cowed 
one, disconnected from its natural world? 

Questions about what we really see 
when we look at animals run throughout 
Bestiaire, a strange and unsettling docu- 
mentary directed by Canadian Denis Coté. 
Awarded a Special Jury Prize at the 2012 
Environmental Film Festival at Yale, held in 
New Haven, Connecticut, Bestiaire continu- 
ally confounds the viewer, undermining our 
understanding of what it means to be wild, as 
it reflects our own confined lives. 

The film unfolds over four seasons, shot 
mostly inside Parc Safari, a zoo in Hem- 
mingford in Quebec, Canada. There is no 
narration and little dialogue, and disparate 
scenes seem to pop up at random. We move 
from art students sketching what looks 
like a stuffed baby deer to snow-filled pens 
in which woolly bison, llamas and horses 
lumber back and forth. Zebras stomp fran- 
tically. A melancholy monkey cuddles a 
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stuffed teddy bear. In summer, geese waddle 
through tall grass and children take elephant 
rides and pat young deer. 

People feature too. Guards watch and feed 
the animals through the mesh of the cages 
— and are themselves observed on closed- 
circuit cameras. At one point the film's focus 
shifts to a taxidermy studio in a Montreal 
basement, crammed with skulls and stuffed 
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Bestiare raises unsettling questions about 
humanity’s habit of gawking at confined animals. 
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Bestiaire deer heads. A man 
DIRECTED BY walks up to a rotat- 
DENIS COTE 


ing metal drum and 


FiGa Films: 2012. 
; removes what looks 
Screening at Anthology. ailor 
Film Archives in New like a handful o dusty 
York 19-25 October. feathers. He shakes it, 
slices out bloody bones 


with surgical tools, stuffs it, dries it with a 
hair-dryer and voila — a green-headed duck. 
Although Coté insists that Bestiaire has 
no message, it nonetheless depicts perfectly 
the distorted relationship that zoo-goers and 
others have with wild animals: no longer free, 
but dispirited creatures that we incarcerate, 
ogle, coddle and capture on tiny screens. 

That, in turn, raises compelling questions 
about the role of zoos today. Humans have 
enjoyed gawking at imprisoned animals since 
as long ago as 2100 Bc, when Mesopotamian 
kings exhibited lions in cages and pits. The 
Tower of London was once home to a menag- 
erie that over the centuries featured lions, 
tigers, alligators and hyenas, whose bodies 
were dissected in the pursuit of anatomical 
science. London Zoo took over from it in 
1828. Now, an emerging consensus argues 
that zoos should discard the old ‘entertain- 
ment’ model to devote resources to the con- 
servation of animals that face extinction in 
the wild. A coordinated zoo-breeding pro- 
gramme of the golden lion tamarin (Leonto- 
pithecus rosalia), for example, has helped the 
endangered monkey to thrive once again in 
its fragmented Brazilian forest habitat. 

Life in a cage may protect an animal from 
habitat destruction, but it also breeds apa- 
thy. In one spring-time scene in Bestiaire, 
three bears line up obediently in a pen as a 
keeper tosses grapes into their open mouths. 
Denied the opportunity to forage far and 
wide, they seem to have adapted to a life free 
from independent exploration. 

In an interview, Coté recalled that he 
wanted his film to be like seeing “through 
the eyes of a six-year-old who is turning the 
pages of a bestiary and excited to discover a 
new picture of an animal at every turn”. But 
the medieval bestiary was also an instruc- 
tional book, filled with illustrations of ani- 
mals both real and imaginary — elephants 
and lions, griffins and unicorns — each of 
which had a symbolic moral or allegorical 
value. Like these didactic tomes, Cdtés film 
shows us that we face ethical choices: under- 
stand and empathize with the plight of wild 
animals or treat them as yet more playthings 
to be photographed, toyed with or stuffed. 

Bestiaire prompts viewers to ponder what 
it really means to be human — or more accu- 
rately, humane — in our relationships with 
wild beasts. Whether or not Coté intended it, 
the movie has a message — a powerful one. m 


Josie Glausiusz is a writer based in New 
York City. 
e-mail: josiegz@gmail.com 
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Books in brief 


One Billion Hungry: Can We Feed the World? 

Gordon Conway CORNELL UNIVERSITY PRESS 456 pp. £46.50 (2012) 
Poverty, climate change, booming population, soaring food 

prices — the obstacles to global food security seem Himalayan. 
Agricultural ecologist Gordon Conway calls for a “doubly green 
revolution”, with sustainable intensification of production, research 
and development, and market creation. He ploughs through 

the crises, discusses methods, delves into the role of farmers as 
innovators, and faces up to environmental challenges. An impressive 
marshalling of case studies, new research and long experience from 
an expert in the field. 


The Logician and the Engineer: How George Boole and Claude 
Shannon Created the Information Age 

Paul J. Nahin PRINCETON UNIVERSITY PRESS 244 pp. £16.95 (2012) 
Meshing logic problems with the stories of two extraordinary men 

— Victorian philosopher-mathematician George Boole and twentieth- 
century information theorist Claude Shannon — Paul Nahin fashions 
a tale of innovation and discovery. Boole’s astonishingly advanced 
ideas seeded Boolean algebra, which underpins the electronic circuits 
governing today’s digitized culture. Alongside a gripping account of 
how Shannon built on Boole’s work, Nahin explores others key to the 
technological revolution, from Georg Cantor to Alan Turing. 


The Joy of X: A Guided Tour of Math, from One to Infinity 

Steven Strogatz HOUGHTON MIFFLIN HARCOURT 336 pages £16.87 
(2012) 

Is infinity a number? What is the point of quadratic equations? 
Whither topology? Steven Strogatz, a mathematician in the field of 
complex networks, steers the ‘maths challenged’ through his home 
territory. Beginning with the usefulness of numbers, Strogatz strolls 
through 7, the Pythagorean theorem, probability, solid geometry 
and more, including the anatomy of that marvellous beast, calculus. 
The interconnectedness of maths in culture — from art, literature, 
philosophy and law to medicine — is gracefully unravelled. 


Mortal Sea: Fishing the Atlantic in the Age of Sail 

W. Jeffrey Bolster HARVARD UNIVERSITY PRESS 366 pp. £22.95 (2012) 
Historian and seafarer Jeffrey Bolster “writes the ocean into history”, 
tracing the currents leading to today’s serious fish-stock depletion. 
Focusing on the North Atlantic from Cape Cod to Newfoundland’s 
Grand Banks, he shows how one species after another — halibut, 
lobster, cod — has been exploited for centuries, long before 
industrialization. Bolster braids marine biology into a narrative 
driven by courageous chancers, such as fifteenth-century explorer 
John Cabot and unnamed hordes of fishermen, to argue that the 
precautionary approach is key to heading off collapse. 


Orwell’s Cough: Diagnosing the Medical Maladies and Last Gasps 
of the Great Writers 

John Ross ONEWORLD PUBLICATIONS 288 pp. £12.95 (2012) 
Shakespeare may have had syphilis and mercury-vapour poisoning, 
speculates medical doctor John Ross in this engrossing look at 

how great writers have grappled with illness and disease. From 

the satirist Jonathan Swift’s putative descent into frontotemporal 
dementia to Herman Melville’s bipolar disorder (and possible 
ankylosing spondylitis), a book that compels respect for the 
subjugation of suffering behind so many enduring works of genius. 


18 OCTOBER 2012 | VOL 490 | NATURE | 341 


>) 2012 Macmillan Publishers Limited. All rights reserved 


Correspondence 


Citizens add to 
satellite forest maps 


Satellite data are invaluable 

for mapping India’s remaining 
forests, but their coarse 
resolution limits the information 
they can provide for protection 
purposes (Nature 489, 14-15; 
2012). 

For example, individual tree 
species cannot be identified 
from satellite data. This 
encourages selective felling 
of valuable trees, such as teak, 
while green cover is maintained 
to avoid satellite detection. 
Also, remotely sensed data do 
not reveal areas where local 
communities have a close 
relationship with the forests, as 
in India’s Meghalaya hills. 

Mobilizing citizens to 
provide information on the 
ground (‘crowd sourcing’) 
complements remote-sensing 
data. Using devices such as 
mobile phones (see www. 
geo-wiki.org), this approach 
provides a means to report 
illegal logging, catalogue trees 
that need protection because 
of their cultural, ecological or 
economic importance, validate 
spatial forest data and quantify 
forest degradation. It also 
raises awareness and informs 
public debate on sustainable 
forest management. In Brazil, 
for example, citizens have used 
the Globo Amazénia website 
since September 2008 to log 
millions of complaints against 
illegal activities as a cause 
of deforestation (see www. 
globoamazonia.com). 

The controversy over 
India’s forest resources is 
worrying, but it points to an 
emerging transparency in 
governance that allows people’s 
concerns to be voiced. Crowd 
sourcing would enhance this 
transparency while improving 
the quality of data. 

Marijn van der Velde, Linda 
See, Steffen Fritz International 
Institute for Applied Systems 
Analysis (IIASA), Laxenburg, 
Austria. 

velde@iiasa.ac.at 


Database for sharing 
costly equipment 


To mitigate the effects of the 
45% government cuts to capital 
budgets in 2010, the UK Research 
Councils promoted the sharing 
of research equipment within and 
between institutions. 

I published a report on this 
matter earlier this year for 
the N8 partnership of eight 
research-intensive universities 
in northern England (see 
go.nature.com/6jvpip), 
concluding that the overheads 
of sharing mean that it is mainly 
confined to expensive items, 
and that it works best when run 
within a collaboration. Already 
the study has catalysed strategic 
collaborations. Some research- 
intensive companies are also 
now exploring the possibility of 
joining these arrangements. 

Logistical and cultural 
factors can be a problem. Most 
researchers will help friends 
and collaborators, but are 
wary of strangers using their 
facilities. They may worry 
about intellectual property or 
whether visitors will respect the 
equipment and are adequately 
trained in using it. It is easiest 
to set up sharing arrangements 
at the time of purchasing the 
equipment. 

One challenge is to know 
what facilities are already 
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available. Researchers might 

buy an item when there is one 
with spare capacity nearby. The 
N8 is developing standardized 
databases of capital assets built 
around a taxonomy of equipment 
types and functions. Availability 
will need to be checked because 
state-of-the-art items often 
operate at near-full capacity or 
may be configured to a particular 
experiment. Usage charges are 
also needed to cover access costs, 
such as technicians’ time. 

Luke Georghiou University of 
Manchester, UK. 

luke. georghiou@manchester.ac.uk 


Cash puts publishing 
ethics at risk in China 


The number of scientific 
papers published in China 

in recent years has increased 
exponentially (see go.nature. 
com/8fjhdt). There are 
concerns that these numbers 
are being inflated by a payment 
scheme offered by some 
Chinese institutions to boost 
publication in journals with 
high impact factors (J. Shao 
and H. Shen Learned Publ. 24, 
95-97; 2011). 

Such monetary incentives 
could adversely affect scientific 
publishing behaviour in 
China. Payments to editors 
to improve the impact factor 


of their journal, for example, 
could encourage them to 
coerce authors into citing more 
articles from that journal (see 
go.nature.com/ye2gae). Or it 
could result in citation cartels 
in which journals cite each 
other for mutual benefit (see, 
for instance, go.nature.com/ 
p4u8on). 

These schemes risk disrupting 
the drive to reduce ethical issues 
that undermine Chinese science. 
Sarah Huggett Elsevier, Oxford, 
UK. s.huggett@elsevier.com 


Rural factories won’t 
fix Chinese pollution 


China's green movement is 
awakening and starting to 
receive global attention (see, for 
example, Q. Wang et al. Nature 
489, 502; 2012). The municipal 
governments of Qidong and 
Shifang should be applauded 
for suspending two planned 
industrial plants likely to cause 
widespread pollution (Nature 
488, 261-262; 2012). But there 
may be plans afoot to relocate 
these to rural areas. 

Moving factories from cities 
to rural areas is becoming more 
common. The relocation by local 
government of a US$1.4-billion 
paraxylene plant from Xiamen 
City in Fujian province to the 
less-developed Gulei Town was 
not welcomed by residents (T. Ma 
China Environ. Ser. 10, 33-49; 
2008/2009). Their protests 
received little media attention 
or help from non-governmental 
organizations (NGOs), and 
the new plant is now almost 
complete. 

Shifting pollution from urban 
to rural areas can only bea 
short-term fix. For example, rural 
and semi-rural factories trebled 
their contribution to the national 
wastewater discharge between 
1990 and 2007 (see go.nature. 
com/kdgsh3; in Chinese), and 
there are more than 200 cancer- 
cluster villages in China where 
pollution is suspected as the 
major cause of death. 

More local NGOs are needed 


to support rural populations in 
suing polluting industrialists. 

To ensure sustainability of the 
country’s huge production 
system, industrialists must 
embrace the green economy and 
tackle factory pollution at source. 
Hong Yang University of 
Southampton, UK. 
hongyanghy@gmail.com 

Roger J. Flower, Julian R. 
Thompson University College 
London, UK. 


Metrics: a long-term 
threat to society 


A predictive h-index formula for 
measuring a scientist’s potential 
success (D. E. Acuna et al. Nature 
489, 201-202; 2012) might 

be convenient for decision- 
making by hiring committees 
and funding agencies, but such 
metrics threaten the researcher's 
wider contribution to society. 

Long-term creativity is needed 
if scientists are to inspire the 
younger generation. As Albert 
Einstein said, “creativity is the 
residue of time wasted” — but 
researchers are no longer ina 
position to waste time. 

Research pressures also curtail 
the quality of teaching and 
supervision, and disadvantage 
mothers who are trying to build 
a scientific career (K. R. O'Brien 
and K. P. Hapgood Oikos 121, 
999-1004; 2012). Moreover, 
early burnout means that some 
highly trained scientists are 
being lost to society. 

Malgorzata Blicharska, 
Grzegorz Mikusinski Swedish 
University of Agricultural 
Sciences, Uppsala and 
Riddarhyttan, Sweden. 
malgorzata. blicharska@slu.se 


Metrics: a fetish for 
high-profile journals 


Precise research indicators may 
be crucial to the field and useful 
for grant committees, but the 
failings of the predicted h-index 
proposed by Daniel Acuna et al. 
mean that it is unlikely to be 
classed among them (Nature 
489, 201-202; 2012). 

For example, the h-index 
ranking of two co-authors 
of a research paper can be 


reversed if they have different 
individual h-indices to start 
with (L. Waltman and N. J. Van 
Eck J. Am. Soc. Inform. Sci. 
Technol. 63, 406-415; 2012). 
Also, the formula for predicting 
an h-index is probably valid 
only for neuroscientists, given 
that different fields have 

other significant features. 

The formula’ structure does 
not consider publications in 
conference proceedings or in 
books as variables, thereby 
exacerbating the fetishism 
surrounding publication in 
high-profile journals. 

Ronald Rousseau University of 
Antwerp, Belgium. 
ronald.rousseau@ua.ac.be 
Xiaojun Hu Zhejiang University 
School of Medicine, Hangzhou, 
China. 


Metrics: allow more 
gradual progress 


New metrics designed to evaluate 
a scientist's potential, such as a 
future h-index depending on 
past trajectories (D. E. Acuna 
et al. Nature 489, 201-202; 
2012), fuel the delusion that only 
fast results count. Progressive 
paradigms based on mature ideas, 
meticulous work, sound ethics, 
patience and cooperation may be 
slower, but they still contribute to 
science in the long term (J.-F. Lutz 
Nature Chem. 4, 588-589; 2012). 
French physicist Louis de 
Broglie (1892-1987), a pioneer 
of quantum mechanics, once 
declared that had Isaac Newton 
lived in his day and age, Newton 
might never have become a 
scientist at all. He would have 
been bewildered by today’s 
academic rat race and would 
probably have confined himself 
to his post as Warden of the Royal 
Mint instead. 
Pedro Cintas University of 
Extremadura, Badajoz, Spain. 
pecintas@unex.es 


Librarians or science 
informationists? 


As representatives of an 
international group of library 
directors, scientists and research 
administrators, we recognize that 
science librarians have evolved 


into ‘science informationists’ (see 
go.nature.com/jmvjej). This more 
accurately reflects their expanded 
responsibilities, interdisciplinary 
skills and specialized knowledge. 

The increasing volume 
and complexity of knowledge 
demands new organizational 
techniques. Transforming library 
services calls on technological 
advances in searching, 
visualization, data mining and 
analysis. As technologies and 
data sources proliferate, there is a 
growing need to educate students 
and researchers about these 
capabilities. 

Science informationists 
collaborate with scientists 
to enhance their research by 
helping them to assess its impact, 
and to curate and manage data. 
They make knowledge accessible, 
for example by using their skills 
in tailoring vocabularies and 
ontologies. They preserve and 
showcase their institutions’ 
intellectual output by building 
networked repositories, and 
they work with publishers to 
improve standards, platforms, 
publication models and search 
facilities in the interests of better 
communication. 

Science informationists 
also build sustainable systems 
through broad collaborations and 
seek out the best ways to develop 
these relationships within their 
institutions. Like researchers, 
they understand that science 
needs risk-takers, innovators and 
visionaries. 
Ludmila Pollock* Cold Spring 
Harbor Laboratory, Cold Spring 
Harbor, New York, USA. 
pollock@cshl.edu 
*On behalf of 5 co-authors (for a 
fulllist, see go.nature.com/88nzz6). 


Clean stoves benefit 
climate and health 


Some 3 billion people worldwide 
are dependent on rudimentary 
stoves that burn wood, dung or 
coal. These account for about 
20% of black-carbon emissions 
globally, as well as 2 million 
deaths annually from smoke 
inhalation. More-sophisticated 
stoves could dramatically reduce 
these figures, helping to combat 
climate change and improve 
public health. 


CORRESPONDENCE Meus 


Conventional stoves that burn 
solid fuels release black and 
brown carbon particles, along 
with gases that are implicated 
in climate warming (including 
carbon dioxide, ozone-producing 
gases and methane). As super- 
efficient absorbers of sunlight, 
these particles also affect 
agricultural crop yields. 

Modern stoves with natural 
convection halve solid-fuel use, 
saving money and collection 
time. Forced-convection stoves 
equipped with a fan to increase 
combustion efficiency cut 
particulate emissions by 80-90%, 
black carbon by 60-90% and 
ozone-producing gases by 
50-90% (J. Jetter et al. Environ. 
Sci. Technol. 46, 10827-10834; 
2012; and A. Kar et al. Environ. 
Sci. Technol. 46, 2993-3000; 
2012). Clean fuels, such as liquid 
petroleum gas, biogas or ethanol, 
would cut these emissions 
further. 

The Global Alliance for 
Clean Cookstoves (www. 
cleancookstoves.org), which has 
almost 400 partners, including 
36 countries, aims to have 
100 million homes adopt clean 
and efficient stoves by 2020. It is 
developing financing tools for 
businesses and consumers to 
ensure that these user-friendly 
cooking stoves are affordable 
and available to all. 

The Climate and Clean Air 
Coalition to Reduce Short- 
lived Climate Pollutants (www. 
unep.org/ccac) offers a new 
opportunity to promote energy- 
efficient stoves that specifically 
lower black-carbon emissions. 
Susan Anenberg* Department 
of State and Environmental 
Protection Agency, Washington 
DC, USA. 
anenberg.susan@epamail.epa.gov 
*On behalf of 4 co-authors (for a 
fulllist, see go.nature.com/pmlupe). 


CONTRIBUTIONS 
Correspondence 

may be submitted to 
correspondence@nature. 
com after consulting the 
author guidelines at http:// 
go.nature.com/cmchno. 
Alternatively, readers may 
comment online: www. 
nature.com/nature. 
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Ua SCIENCE FICTION 


THE TELL-TALE EAR 


BY ALEX SHVARTSMAN 


From: ceo@telltalemarketing.com 

To: Telltale Marketing Employees mailing list 
Subject: Misdirected broadcast 

We seem to be having an equipment mal- 
function. I can hear bits broadcast from 
the Grand Cayman Casino and Erectile 
Dysfunction marketing campaigns while at 
the office. Somebody get on top of this. 
James Finch 

PS It’s a little annoying on repeat. At least 
now we know how the recipients feel. Haha. 


From: ceo@telltalemarketing.com 

To: IT@telltalemarketing.com 

Subject: Leak? 

Apparently only I can hear the ads, not the 
whole company. They’re playing on a loop 
and driving me up the wall. Whose bright 
idea was this? The stuff is supposed to be 
broadcast in the streets, not in my office. Get 
it fixed. Pronto. 


From: ceo@telltalemarketing.com 
To: IT@telltalemarketing.com 
Subject: RE: Leak? 
What do you mean you can't figure it out? 
I'm telling you, I hear our commercials. ALL 
THE TIME. I even hear them at home now; 
cant get a good night's rest. Somebody must 
be doing this maliciously, and when I figure 
out who, heads are going to roll. 

Do whatever it is you do to make this stop. 
Come on people, what am I paying you for? 


From: ceo@telltalemarketing.com 

To: drseannguyen@ntkmetical.com 
Subject: Appointment 

Dear Dr Nguyen, 

Irun Telltale Marketing, the company that 
produces the hypersonic sound commer- 
cials. Over the past several days I’ve been 
hearing our ads, at increasing frequency 
and volume. 

At first I resisted the suggestion that this 
might be a psychological issue, but my IT 
people are swearing up and down that the 
problem isn’t technical in nature, so ’m 
beginning to worry. May I come in for an 
evaluation at your earliest convenience? 

Sincerely, 

James Finch 


From: ceo@telltalemarketing.com 

To: drseannguyen@ntkmetical.com 
Subject: RE: Appointment 

I'm sorry to hear that you arent able to fit me 


A sound investment. 


in. Also, I appreciate your feedback about 
the hypersonic ads, but I assure you that 
your assertion about us breaking the law is 
entirely false. We broadcast them only in 
public spaces and only between the hours of 
8 a.m. and 11 p.m., in accordance with FCC 
regulations. It’s just like playing an advertise- 
ment on a radio or posting up a billboard. 

This is absolutely not an invasion of 
privacy. We get a bum rap in all the other 
media, but only because they’re jealous. A 
technology that beams sound directly into 
people’s ears is far more effective than 
their outdated methods. It’s much easier 
to tune out ads on TV and radio than to 
ignore our product, and the advertisers 
know it. 

Also, I completely agree, broadcasting the 
pornographic website commercials where 
young children can hear them is completely 
inappropriate. We don’t do that. It’s those 
upstarts at Electronic EAR. They have no 
class. 


From: ceo@telltalemarketing.com 

To: SandraFinch@ufopub.com 

Subject: Tonight 

Finally found a shrink who'll see me. Going 
to her office after work, so don't wait with 
dinner. 

I can't believe it was so hard to find a 
doctor. As soon as they learn who I am, they 
want nothing to do with me. One even went 
as far as to call mea 


spammer and say thatl NATURE.COM 
deserve this. Didn'tthey Follow Futures on 
takesomesortofanoath Facebookat: 

to help people? Geez. go.nature.com/mtoodm 
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From: ceo@telltalemarketing.com 
To: legal@telltalemarketing.com 
Subject: Exposure 
I’ve been seeing a psychologist twice a week 
about my hearing-the-ads problem, but it’s 
only getting worse. The noise is loud and 
incessant. I haven't had a decent night of sleep 
in weeks. Dr Harris says that it’s all in my 
head, my guilty subconscious torturing me 
over “forcing your ads on people who don't 
want to hear them”. According to Dr Harris 
I might only get better if I admit to some of 
the shadier stuff that the company has done, 
to get it off my chest. It’s nuts, I know. I dis- 
missed the idea initially, but I may literally 
be losing my mind. I can’t stand it any more 
and am willing to try anything. 

If I go through with this, how bad is it 
going to be, for me or for the company? 


From: ceo@telltalemarketing.com 
To: SandraFinch@ufopub.com.com 
Subject: Update 
The minimum security facility they're hold- 
ing me in isn’t so bad. Food is tolerable, and 
the other inmates are white-collar types, 
mostly from the financial sector. I even get 
to use the computer for 15 minutes a day. 
But the most important thing is: it worked. 
I told them about beaming ads into people’s 
homes, advertising knock-off pills that 
weren't approved by the FDA, and the bribes 
we paid to make the regulators look the other 
way. And once I admitted these things, the 
cursed noise in my head finally stopped. 
I may be in here for a couple of years, but 
I tell you, it was worth it. 


From: Agent Wellsley@fbi.gov 

To: Director. ConsumerFraudDivision@ 
foi.gov 

Subject: Finch 

It worked like a charm. 

After getting blasted with a taste of his 
own medicine for a couple of weeks straight, 
Finch sang like a canary (pardon the pun). 
He confessed to some stuff we didn’t even 
know about. My team is disassembling the 
broadcast equipment as we speak. We're 
going to be moving Operation Poe on to our 
next target tomorrow. 

Tell agent Harris to expect a call from the 
president of Electronic EAR some time soon. = 


Alex Shvartsman is a writer and game 
designer from Brooklyn, New York. 
Read more of his fiction at www. 
alexshvartsman.com. 
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Galvanized lunacy 


The finding that magmatic material from the Moon is more enriched in the heavy isotopes of zinc than its terrestrial and 
Martian analogues prompts fresh thinking about the origin of our natural satellite. SEE LETTER P.376 


TIM ELLIOTT 


reputation for being dry. Most obviously, 

it lacks oceans on its surface, other than 
those of crystallized magma. Recent evidence 
suggests, however, that the Moon has a touch 
of damp. Several studies have found concen- 
trations of water much higher than expected 
in lunar minerals’” and quenched magma™. 
From these observations, it has been suggested 
that the interior of the Moon may contain sim- 
ilar concentrations of water to those in Earth’s 
mantle. Yet it is difficult to make accurate 
measurements of water, and rather few sam- 
ples are amenable to robust analysis. Instead, 
the abundances ofless analytically challenging 
volatile elements can be studied as proxies for 
water, allowing investigation of a wider and 
probably more representative range of lunar 
materials. In this issue, Paniello and colleagues” 
provide a new perspective on the history of the 
Moon's volatile elements, based on zinc and, 
in particular, its isotopic composition. They 
show that the Moon has a distinctly heavier 
Zn isotopic composition than Earth, consistent 
with the satellite having experienced a marked 
depletion in volatiles. 

From our everyday experience, we would 
not consider Zn to be volatile: there is 
generally little swooning from its vapours. 
However, in cosmochemistry, elements that 
condense at relatively low temperatures (less 
than about 1,000 °C) from a tenuous gas, as Zn 
does, are termed volatile. The abundance of 
these volatile elements varies greatly between 
planetary bodies — which can be sampled 
by means of meteorites — but the origin of 
this variability remains poorly understood. 
From the first analyses of samples returned 
by the Apollo missions, it has been clear 
that the Moon has very low abundances of 
volatile elements. Yet it isa considerable chal- 
lenge to translate elemental concentrations 
measured in the erupted, but now cooled, 
magmas (melts) at the surface, into a global 
volatile inventory for the Moon. The power 
of isotopic measurements, such as those made 
by Paniello et al., is that isotopes, unlike ele- 
ments, are not significantly fractionated from 
each other during magmatic processes, and 
so erupted melts should faithfully record 
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Figure 1 | Zinc isotope enrichment during Moon formation. The diagram illustrates some of the 
general processes that could have generated a Moon that has a low abundance of volatile elements but is 
enriched in the heavy isotopes of zinc, as Paniello and colleagues’ study indicates”. A collision between 
the young Earth and another planetary body produces the debris from which the Moon formed. The 
debris consists of silicate melt (spheres) and gas, some of which is lost to the surrounding environment. 
In chemical equilibrium, the melt phase will invariably have an abundance of the zinc-66 isotope relative 
to that of zinc-64 (Zn/“Zn) that is higher (black lettering) than that of the gas. Any gas loss from the 
system will thus result in a Moon both isotopically heavier than the starting composition of the debris 
and with a lower abundance of Zn. The mechanism of gas loss itself can also contribute to heavy-isotope 
enrichment of the debris. The lighter isotope “Zn has a higher mean velocity than the heavier Zn, and 
so can preferentially escape the gravitational bond to the Moon (yellow arrows). 


the composition of their deeper sources. 

Using this isotopic approach, the authors 
show that the abundance ratio of Zn isotopes 
with mass numbers 66 and 64 (°Zn/“Zn) is 
nearly constant for a range of lunar magma 
types, including those thought to be most 
representative of the interior. Therefore, the 
results provide a well-constrained value of 
this ratio for the Moon as a whole. Most sig- 
nificantly, Paniello et al. find that this value 
is markedly higher — by about 1.5 parts per 
1,000 — than that of Earth, Mars and primi- 
tive meteorites, which are believed to be the 
building blocks of the rocky planets. This 
difference may seem minor, but in terms 
of isotopic differences between planetary 
bodies, it is huge. 

The exact mechanism by which the Zn 
isotopic composition of the Moon became 
heavier than that of Earth is unclear; how- 
ever, most processes of volatile loss that can 
be envisaged predict this as an outcome. For 
example, during condensation of the Moon 
from a cloud of gas and melt, the heavy 
isotopes of Zn should have preferentially 
partitioned into the melt phase (Fig. 1). If the 
gas phase never fully accreted onto the Moon, 
the Moon would be left poor in volatiles, but 
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also enriched in the heavy isotopes of volatile 
elements such as Zn. This diagnostic isotopic 
signature of volatile depletion has long been 
sought in lunar samples, and thus its eventual 
documentation by Paniello et al. is notable. 
Indeed, it was a major surprise that such an 
effect was not found in a high-precision iso- 
tope study’ of the volatile element potassium 
almost 20 years ago. 

More recently, researchers have reported’ 
distinct isotopic differences between lunar and 
terrestrial chlorine, perhaps a more familiar 
volatile element. However, the lunar chlorine 
isotopic composition is not constant, and its 
trend to heavy values is argued to reflect vari- 
able loss of gas from magmas during magma 
eruption, rather than the interior composition 
of the Moon’. A more complete understand- 
ing of planetary volatile evolution requires an 
explanation of the contrasts in the isotopic sig- 
natures of these supposed chemical brethren. 
Of potential importance in this quest are bet- 
ter estimates of element volatilities under the 
specific conditions in which the Moon formed. 
Paniello et al. follow a traditional approach of 
assuming elemental condensation tempera- 
tures calculated for a hydrogen-rich, ‘nebular’ 
environment’. These values are appropriate 


for the conditions of the earliest Solar System 
but not for the accretion of the Moon from a 
silicate-rich debris disk (Fig. 1). 

Paniello and colleagues’ new Zn isotope 
data may also contribute to the reawakened 
discussion of the very mechanism by which 
the Moon formed. A theory known as the 
giant-impact hypothesis — according to 
which our natural satellite is the outcome of 
reassembled debris from a collision between 
the proto-Earth and another planetary body 
— has dominated recent thinking about lunar 
genesis. In particular, an oblique-impact 
scenario was shown’ to reproduce many of the 
physical and chemical attributes of the Moon. 
However, this model predicts that the Moon 
should be comprised predominantly of mate- 
rial from the colliding impactor rather than 
the target proto-Earth. Instead, the Moon has 


CANCER THERAPY 


proven to be embarrassingly similar to Earth in 
several isotopic characteristics'”’, seemingly 
requiring it to be derived almost wholly from 
Earth. Models have thus investigated mecha- 
nisms by which the isotopic composition of the 
Earth and Moon could have become homog- 
enized after the impact’’. The notable differ- 
ences in Zn isotopic composition between 
Earth and Moon documented by Paniello et 
al. may be more readily reconciled with an 
entirely new model for Moon formation, in 
which the impactor hits a rapidly spinning 
proto-Earth". This flurry of recent develop- 
ments emphasizes a waxing interest in our 
ever-puzzling satellite. m 


Tim Elliott is in the School of Earth Sciences, 
University of Bristol, Bristol BS8 1RJ, UK. 
e-mail: tim.elliott@bristol.ac.uk 


Tumours switch 


to resist 


Tumour cells can respond to targeted immune-cell therapies by losing proteins 
that mark them as being cancerous. Subverting this resistance mechanism may 
lead to more durable cancer-treatment strategies. SEE LETTER P.412 


ANTONI RIBAS & PAUL C. TUMEH 


ecades of research have yielded 
D methods for cancer treatment that 

can be more specifically tailored to a 
patient’s cancer than broader strategies such 
as radiotherapy or chemotherapy. However, 
these methods — which include immuno- 
therapy and therapies targeted at cancer- 
causing genes — are dogged by the problem 
of acquired resistance, in which many patients 
initially respond to the treatment but sub- 
sequently become unresponsive and experi- 
ence relapse. Resistance is commonly thought 
to arise from the proliferation of a small pro- 
portion of resistant cells in a mixed tumour- 
cell population. But on page 412 of this issue, 
Landsberg et al.' show, using a mouse model 
of melanoma, that resistance to a promising 
form of immunotherapy can develop when 
cancer cells change their protein-expression 
profile in response to treatment*. 

Cancer immunotherapies are designed to 
initiate or boost a person’s immune response to 
a tumour. One way of doing this is by adoptive 
cell transfer (ACT), in which patients receive 
transfusions of immune cells called T cells 
that target cancer-specific antigens (an anti- 
gen is a substance that elicits responses from 


*This article and the paper under discussion? were 
published online on 10 October 2012. 


the B cells and T cells of the immune system). 
By contrast, oncogene-targeted therapies work 
by reducing the function of certain mutated 
proteins that are overactivated in tumour 
cells. Although much progress has been made 
in determining why patients relapse with 
oncogene-targeted therapies, little is known 
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about the mechanisms underlying acquired 
resistance in patients receiving ACT. However, 
there is generally a high initial response rate to 
ACT, so understanding what then happens to 
lead to resistance is a challenge worthy of 
investigation. 

The most common sources of tumour- 
antigen-specific cells for ACT are tumour- 
infiltrating lymphocytes (TILs) or blood T cells 
that are isolated from the patient and modi- 
fied before being reintroduced. In the case of 
TILs, which already have tumour specificity, 
this involves expanding the cell population and 
activating the cells. In therapies using blood 
T cells, which are initially not tumour specific, 
the cells’ antigen receptors are first genetically 
engineered to recognize tumour antigens’. 
Tumour responses tend to last longer in TIL- 
based ACT, probably because each TIL prepa- 
ration might target several tumour antigens 
simultaneously’. However, TILs can be isolated 


Tumour resistance 


Dedifferentiated 
cancer cell 


Figure 1 | Escape by dedifferentiation. Cancer cells express certain antigens that are not expressed by 
non-cancerous cells (red colour on cells indicates antigen expression). Adoptive cell transfer is a type 
of immunotherapy in which immune cells called T cells with receptors that specifically recognize these 
defining antigens are transferred into patients, where they initiate an immune response that kills the 
cancer cells. Landsberg et al.' show that, in the process of cancer-cell killing, the tumour-infiltrating 

T cells release the inflammatory molecule TNF-a, which causes some of the tumour cells to stop 
expressing of some of their cancer-specific antigens. These ‘dedifferentiated’ cancer cells are no longer 
recognized by the T cells, resulting in resistance to the therapy and tumour regrowth. 


18 OCTOBER 2012 | VOL 490 | NATURE | 347 


© 2012 Macmillan Publishers Limited. All rights reserved 


| RESEARCH | NEWS & VIEWS 


from only a limited number of patients with 
melanoma, which hinders the application of 
this approach. Genetically engineered T cells 
address this problem, because every patient 
has ample numbers of nonspecific T cells that 
can be harvested for this purpose. But although 
ACT based on genetically modified T cells 
results in a high frequency of positive initial 
responses, relapse often occurs a few months 
after the start of treatment*®. 

To study how this resistance arises, 
Landsberg et al. developed a mouse model 
of melanoma and an ACT protocol (using 
genetically modified T cells) that recapitu- 
lates the clinical course seen in people. The 
widely accepted view of how resistance to 
ACT therapy arises is that tumours contain 
small numbers of cells (called subclones) with 
genetic variations that give them a prolifera- 
tive advantage in the face of the immune-cell 
attack. However, Landsberg and colleagues 
observed that the inflammatory response 
initiated by ACT caused a proportion of the 
melanoma cells to lose some of the anti- 
gens that defined the cells as being cancer- 
ous — a change that the authors describe as 
‘dedifferentiation’ (Fig. 1). This is the key to 
their new hypothesis for tumour resistance: 
the T cells transferred in ACT are designed to 
target tumour-specific antigens, but precisely 
these antigens are lost by the tumour cells dur- 
ing treatment. The authors also identify the 
pro-inflammatory cell-signalling molecule 
tumour necrosis factor-a (TNF-a) as a cru- 
cial mediator of this cellular change, and show 
that the change is reversible, meaning that 
the cancer cells can reacquire expression of the 
antigens when the treatment is stopped and 
the inflammation resolves. 

Although the cellular dedifferentiation 
described by Landsberg and colleagues is a 
new concept in cancer resistance, the idea fits 
well with previously proposed mechanisms 
of resistance to tumour-antigen-specific 
immunotherapy. For example, resistance has 
been observed after increased proliferation 
of subclones that did not express a tumour 
antigen that was being targeted by ACT, and 
also as a result of some or all cells ina tumour 
lacking key proteins in the cellular pathway 
by which antigens are ‘presented’ to T cells’. 
However, resistance to immunotherapy may 
also arise from changes in the transferred 
immune cells, rather than changes to the 
characteristics or relative abundance of can- 
cer cells. For example, therapeutic T cells may 
lose their anti-tumour functions over time in 
vivo, owing to intrinsic changes in the T cells 
that shift their activity from cytotoxicity to an 
immune-tolerant state® or through the effects 
of immune-suppressive cells in the tumour 
microenvironment, such as myeloid suppres- 
sor cells or regulatory T cells’. 

The mechanism of acquired resistance 
reported by Landsberg et al. has so far been 
observed only in their mouse model. But if 


similar effects are seen in patients, then the 
authors’ findings will open up avenues for 
improving ACT-based therapies. For exam- 
ple, because this resistance mechanism may 
be restricted to the loss of certain tumour 
antigens, concurrently targeting several anti- 
gens of different classes by transferring a mixed 
population of T cells might slow or prevent 
resistance. A similar effect may be achieved 
by preventing TNF-a expression by the 
transferred T cells, as this seems to be the key 
inflammatory molecule that induces antigen 
loss by the tumour cells. Alternatively, broad- 
ening the immune response by combining 
ACT with other immune-supporting agents, 
such as anti-CTLA4 or anti-PD-1 antibodies, 
might minimize the reliance of the therapy on 
recognizing a single antigen and thereby make 
it harder for the cancer cells to escape. Thus, 
by identifying a mechanism by which cancers 
adapt to evade ACT therapy, Landsberg and 
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colleagues have provided the basis for several 
testable approaches to overcome this problem 
in patients. m 


Antoni Ribas and Paul C. Tumeh are 

in the Department of Medicine, Jonsson 
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Bundles of insights into 
sugar transporters 


The structure ofa bacterial protein belonging to the ‘sugar porter’ family 
guides the building of long-sought molecular models of proteins that transport 
glucose across cell membranes in humans. SEE ARTICLE P.361 


PETER J. F. HENDERSON 
& STEPHEN A. BALDWIN 


S imple carbohydrates, especially glucose, 


are central to the chemical transforma- 

tions that maintain life in all organisms’. 
In mammals, including humans, glucose is the 
major mediator of energy transfer between 
tissues, and alterations in its blood concen- 
tration are intimately involved in conditions 
such as diabetes and obesity. So glucose uptake 
by cells has long been the focus of intense 
research, but many aspects are still poorly 
understood. For example, cells have proteins 
that transport sugars across the cell membrane, 
but we do not have a good grasp of the underly- 
ing mechanisms owing to a lack of information 
about the transporters’ molecular features. On 
page 361 of this issue, Sun et al.” describe the 
structure of one such protein, XylE from the 
bacterium Escherichia coli, and present highly 
plausible models of its evolutionary relatives, 
the human glucose transporters. 

XylE resembles the human glucose trans- 
porters (GLUTs) in amino-acid sequence 
and in biochemical properties*. Sun and col- 
leagues chose to work with XylE, rather than 
with the human proteins, because of its ease 
of purification and its stability in detergent — 
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two features that facilitated the elucidation 
of its three-dimensional structure using 
crystallographic techniques. Although XylE 
transports, not glucose, but xylose (a similar 
sugar), the authors showed that glucose can 
bind to and inhibit the activity of XylE. The 
researchers’ initial attempts to crystallize 
the protein yielded low-quality crystals, but 
the addition of a sugar (xylose or glucose) 
improved crystal quality and enabled the 
authors to determine the structures of the 
protein-sugar complexes at a high resolution 
(2.6-2.9 angstro6ms). Moreover, on the basis 
of the XylE data, they proposed structural 
models for four (GLUT1 to GLUT4) of the 
14 human GLUTs (Fig. 1). 

XylE and GLUTs belong to the ‘sugar porter’ 
family of proteins, which is part of the ubiq- 
uitous major facilitator superfamily (MFS) 
of transporters’. Although the structures of 
several MFS members are known, those of 
the sugar porters had remained unsolved. 
Sun et al. found that, as expected for an MFS 
member, XylE has 12 transmembrane a-helices 
(TM1-TM12) clustered into two structurally 
related bundles that are arranged around a 
central sugar-binding site. Bound xylose and 
glucose interacted with the protein in a similar 
way, by establishing hydrogen bonds primarily 
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Figure 1 | Relatives but not twins. Proteins belonging to the major facilitator superfamily (MFS) 
transport vital nutrients such as sugars across cell membranes, and it is thought that their mechanism 

of action involves alternating inward-facing and outward-facing conformations. MFS proteins 

typically consist of 12 transmembrane a-helices, organized into two similar bundles (blue and green), 

as well as cytoplasmic loops. One such protein, LacY, is shown here bound to an analogue of its 

substrate (the sugar lactose) and in an inward-facing conformation. Sun et al.” solved the outward-facing 
structure of another MFS member, the bacterial protein XylE, and used it to construct plausible models 
of similar human proteins, the glucose transporters GLUT1 to GLUT4. The authors show that, in 
contrast to other MFS proteins, XyIE and GLUTs have a cytoplasmic bundle of four a-helices that 

might participate in the transport mechanism. (LacY and GLUT] images courtesy of N. Yan, Tsinghua 


University, Beijing, China.) 


with amino-acid residues in the carboxy- 
terminal bundle. These residues are largely the 
same in GLUT1 to GLUT4, which suggests a 
common mode of sugar binding (Fig. 1). 

Surprisingly, the reported structures and 
models cannot explain a profound difference 
that exists between XylE and GLUT1-GLUT4: 
sugar intake is coupled to proton (H’) trans- 
location in XylE but not in its human counter- 
parts. Proton transport into the bacterial cell 
drives xylose uptake against its concentration 
gradient because it is an energetically favour- 
able process (there is a lower concentration 
of protons inside the cell than outside). By 
contrast, GLUT1 to GLUT4 facilitate diffu- 
sion of glucose only down its concentration 
gradient. However, comparison of the XylE 
structure with the GLUT models did not reveal 
any obvious candidates for proton-binding 
residues that could account for this functional 
difference. 

Transport of molecules across the mem- 
brane is generally thought to occur through a 
mechanism in which changes in the protein’s 
conformation make the substrate binding site 
alternately accessible from one or other side 
of the membrane”™*. However, Sun et al. report 
that XylE and the GLUT models have a bundle 
of four a-helices on the cytoplasmic side of the 
membrane that are not present in the struc- 
tures of other MFS proteins (Fig. 1), implying 
possible mechanistic differences. These addi- 
tional a-helices participate in an intricate net- 
work of hydrogen bonds with residues located 
near the cytoplasmic ends of some of the trans- 
membrane helices. Interestingly, such residues 
are found in signature-sequence motifs that are 


evolutionarily conserved in other members 
of the sugar-porter family, and the authors 
observed that mutations affecting these resi- 
dues had drastic effects on transport. 

The precise role of the hydrogen-bond net- 
work in substrate translocation remains to 
be determined. However, it has been shown 
for GLUT1 that truncation of the carboxy- 
terminal end of the protein (which would 
remove some of those interactions) ‘locks’ the 
transporter in an inward-facing conformation 
in which it is able to bind to the sugar but not 
to transport it’. By contrast, the cytoplasmic 
domain in non-sugar-porter MSF transporters 
seems to have only a minor role in the proteins’ 
function, as previously shown* by mutation 
of the TM6-TM7 loop in the E. coli lactose 
transporter LacY. Therefore, despite a com- 
mon evolutionary origin, the precise mecha- 
nism of transport might vary in different MFS 
subfamilies. 

The XylE structure and the GLUT models 
open the way to a greater understanding of the 
physiological functions, mechanisms and reg- 
ulation of these proteins. For example, it could 
be possible to design selective small-molecule 
inhibitors of these proteins to address the ques- 
tion of why mammals need 14 different GLUT 
proteins’. Similarly, Sun and colleagues’ results 
should help to clarify the molecular basis for 
the different substrate selectivities displayed 
by GLUTs; for example, GLUT9 transports 
urate (a compound resulting from the meta- 
bolic breakdown of nucleotides) in addition 
to sugars’. 

But the significance of the XylE structure 
extends beyond mammalian metabolism, 
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50 Years Ago 


The distance travelled by grazing 
sheep and the energy cost of 
locomotion have been measured 

... This leaves the energy cost of 
grazing per se and of the animal’s 
reactions to its environment 

to be accounted for; the first 
measurements of the former can 
now be reported. Two sheep were 
allowed to graze normally for a 
week. A patch of turf 1.0 x 1.5m 
was then dug up and relaid on the 
floor of a respiration chamber. 

The sheep, which had both been 
trained for such work, were 

then, one at a time, placed in the 
respiration chamber ... The energy 
expenditure of the sheep always 
increased during grazing and fell 
again during the subsequent rest 
period, but there was no significant 
change when pre-cut grass was 
given to the sheep. The grazing 
increment did not vary significantly 
from sward to sward, and hada 
mean value of 0.62 + 0.04 kcal/h/kg 
body-weight for a 29-kg Merino 
ewe and of 0.84 + 0.12 fora 53-kg 
Merino wether. 

From Nature 20 October 1962 


100 Years Ago 


The accompanying photograph 
shows a pearl ... alleged to have 
been found in Nautilus pompilus, 
from the Sulu archipelago. 


The pearl ... weighs 18 carats 

(72 grains), and is composed 

of the porcellanous (not the 
nacreous) constituent of the shell. 
It is somewhat translucent, white, 
with a slight creamy tinge, rather 
suggesting fine Beleek china 
From Nature 17 October 1912 
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because other organisms also have panoplies 
of sugar porters. For example, such proteins are 
used by plant cells to accumulate sugars into 
vacuoles (cytoplasmic vesicles), and they 
regulate sugar fermentation in yeasts during 
the production of alcohol from grape juice”. 
Moreover, some proteins that transport mol- 
ecules other than sugars also possess the sugar- 
porter signature sequences. This is the case for 
plant PHT1 phosphate transporters”, which 
not only take up the vital nutrient phosphate 
from the soil but also regulate its distribution 
throughout the plant. Sun and colleagues’ 
paper is therefore likely to have ramifications 
in fields ranging from medicine to agriculture 
and the production of food and drink. = 
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Design by trial 


A genetic analysis of viruses infecting participants in an HIV vaccine trial 
indicates that the vaccine is more protective against viruses that have variations 
at specific sites in the viral envelope. SEE LETTER P.417 


DAVID V. GLIDDEN 


he past five years have brought stun- 

ning progress in the development of 

biomedical approaches to preventing 
HIV infection. But despite recent hope for an 
AIDS-free generation, we still lack a crucial 
tool needed to reach this goal — an HIV vac- 
cine. However, on page 417 of this issue, Rol- 
land et al.’ present an analysis ofa clinical trial 
that encourages us to believe that this goal is 
achievable. Furthermore, their work identifies 
a site on the virus’s outer coat as a key target for 
future vaccine development. 

Until a few years ago, the handful of candi- 
date HIV vaccines that had been evaluated in 
randomized clinical trials had all failed to pre- 
vent HIV infections any better than a placebo. 
But in 2009, researchers conducting a trial in 
16,402 volunteers in Thailand reported’ a31% 
reduction in HIV infections in recipients of a 
vaccine known as RV 144. The study’s results 
were met with a range of responses, from 
cautious optimism to outright scepticism’. 
Although RV 144 had some efficiency, this 
was modest. For example, the credible range 
for protection from infection elicited by the 
vaccine ran between 1% and 51% — avery 
wide range, and negligible at its low end. In 
addition, sensitivity analyses of the trial results 
failed to cross the threshold of statistical sig- 
nificance, and some experts openly specu- 
lated that the outcome was a statistical fluke. 


A recent review’ that formally combined the 
trial’s findings and expert opinion estimated at 
least a 22% chance that the reported outcome 
was a false positive. 

In fact, doubts about RV144 had been 
expressed even before the study started’. The 
concerns stemmed from the fact that RV144 
is a ‘prime and boost’ vaccine composed of 
two vaccines that had both shown only mod- 
est to no efficacy in previous studies. A trial of 
RV 144 had been contemplated but scrubbed 
by the US-based HIV Vaccine Trials Network, 
and some informed observers had called for 
the Thai trial to be cancelled as well*. Despite 
this, it went ahead, and in the intervening 
three years, follow-up analyses of immune 
responses°® and now, from Rolland and col- 
leagues, of HIV infections in the trial partici- 
pants, are supporting an interpretation that 
RV 144 was indeed successful at stimulating 
protective immunity in some of the vaccinated 
individuals. 

Several candidate HIV vaccines, including 
RV 144, contain proteins that belong to the 
outer coat or ‘envelope’ of HIV, with the inten- 
tion of inducing protective immune memory 
against this region of the virus. However, the 
amino-acid sequence of the envelope varies 
among different circulating HIV viruses, so 
that any single vaccine based on this structure 
may not stimulate immune recognition across 
all HIV variants. 

Rolland et al. examined the sequences of the 
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envelope protein of HIV viruses isolated from 
people who became infected during the trial, to 
deduce the effectiveness of the vaccine against 
different viruses. In principle, if the vaccine has 
no effect on a particular virus type, then that 
virus should be found in roughly equal propor- 
tions in infected people who had received the 
vaccine and in those given the placebo. The 
researchers focused their typing on the V1/V2 
loop structure of the viral envelope protein, a 
region previously implicated as being impor- 
tant for immune protection by a study showing 
that immune responses involving antibodies 
against V1 and V2 are associated with reduced 
risk of HIV infection’. Preliminary work iden- 
tified 15 sites along the V1/V2 loop as specific 
targets of these putative protective antibodies, 
and Rolland and colleagues made these sites 
the subject of their sequence analysis. 

The authors found two ‘genetic signatures’ 
in the V2 region — an amino-acid match 
between virus and vaccine at position K169 
(lysine) and a mismatch at position 1181 (iso- 
leucine in the vaccine sequence) — that were 
proportionally less common in viruses that 
had infected vaccinated individuals com- 
pared with recipients of the placebo. This sug- 
gests that the vaccine blocked or ‘sieved out’ 
viruses with these sequence features, although 
this effect was variable: the vaccine had 48% 
efficacy at preventing infection with viruses 
matching at K169 and 78% efficacy against 
viruses with a mismatch at 1181. This differ- 
ential effect of the RV144 vaccine in regard to 
HIV type is compelling, if indirect, evidence 
that the vaccine elicited immune responses 
that protected some people against some vari- 
ants of HIV. Furthermore, because both sites 
are on the V2 region, the findings implicate 
this sequence as a key target for future vaccine 
development. 

In other respects, however, the results defy a 
simple narrative. First, in the case of the K169 
position, the vaccine protects best against 
viruses with the same sequence as that in the 
vaccine. Given that a vaccine is expected to 
‘train’ the immune system, this result is unsur- 
prising. However, the opposite is the case for 
position 1181, and the reason for this is unclear. 
It is not that the vaccine promoted infection 
with viruses that matched it at 1181; the rate 
of infection with such variants was still lower 
in vaccine recipients than in people receiving 
the placebo. It is possible, however, that I181 is 
merely a proxy for another, unidentified, loca- 
tion on V2 that does indeed match between the 
vaccine and these viruses. 

Second, the results do not square neatly 
with the recent finding that the presence 
of antibodies against V1 and V2 was corre- 
lated with a reduced risk of HIV infection in 
those receiving the vaccine®. This association 
seems to be similar for vaccine-matching and 
non-matching viruses, but if it is the antibod- 
ies that provide the ‘sieve’ effect reported by 
Rolland and colleagues, one would expect 


them to be less protective against strains 
for which the vaccine was less effective. So 
although the sieve and correlates-of-protection 
analyses are both compelling, these two pieces 
of the story do not fully explain each other. 
Although such questions remain open, 
Rolland and colleagues’ study is another 
demonstration of the indispensable role of 
randomized trials in the incremental process 
of HIV vaccine development. The authors’ 
research exemplifies how data from such trials 
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can provide information on strain-specific 
effects and HIV-protective immune responses, 
and their analysis has identified an area on the 
HIV envelope that will be a focus of future 
vaccine studies. This comes at a time of steady 
progress in HIV vaccine research’ and buoys 
up the hope that an HIV vaccine is possible — 
and perhaps sooner than later. m 


David V. Glidden is in the Department of 
Epidemiology and Biostatistics, University 


Choose your 
protein partners 


A large-scale study sheds light on the extraordinary molecular-recognition 
skills of the chaperone HSP90, which allow this protein to interact selectively 
with hundreds of other proteins of diverse function. 


RAHUL S. SAMANT & PAUL WORKMAN 


r | Ahe protein HSP90 plays an essential part 
in a plethora of cellular processes, in 
evolution and in disease. It isa molecu- 

lar chaperone, a type of protein required for the 

activity and stability of other proteins, which 
are known as its ‘clients. Many of HSP90’s 
clients are oncogenic protein kinases — when 
made overactive, they can lead to cancer’. That 
is why 20 small-molecule HSP90 inhibitors 
are currently in clinical trials for antitumour 
therapy’. Despite all this interest, the funda- 
mental question of how HSP90 chooses its 
clients remains unanswered. Writing in Cell, 

Taipale et al.’ report that another protein (a co- 

chaperone) facilitates client-family recognition 

by HSP90, whereas the thermal stability of the 
client determines the strength of its interaction 
with the chaperone itself. 

In the absence of functional HSP90, its 
clients form aggregates or are degraded. So 
previous large-scale efforts to identify clients 
were based on either isolation of HSP90- 
binding proteins* or demonstration of client 
depletion in cells in which HSP90 function 
had been perturbed (for example, by pharma- 
cological inhibition)°. These studies have so 
far revealed around 350 highly diverse clients 
for HSP90. 

Taipale et al. carried out their own large- 
scale survey of HSP90 clients among selected 
protein classes, including the protein kinases. 
They used a modification of the LUMIER 
assay®, a luminescence-based measure of 
association between a ‘prey’ protein (in this 
case, HSP90) and ‘baits’ (putative clients) in 
mammalian cells. Compared with other tech- 
niques used to detect binding, such as mass 


spectrometry, the modified LUMIER assay 
is much more sensitive, detects shorter-lived 
interactions and gives a quantitative rather 
than a binary (binding/no binding) readout. 
Of the 314 kinases investigated, 193 (61%) 
interacted to some extent with HSP90. Strik- 
ingly, the strength of these interactions var- 
ied across a continuous 100-fold range. This 
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finding supports the growing view that the 
binary categorization of kinases into clients or 
non-clients should be replaced by a continuum 
of HSP90 dependence. 

In agreement with an earlier analysis of 
binary data’, Taipale and colleagues confirmed 
and extended previous findings that even 
very closely related kinases (such as ARAF 
and BRAF) exhibit extreme differences in 
the strength of their interactions with HSP90 
(refs 1,8). Seeking a structural explanation for 
this, Taipale et al. constructed and analysed 
variants of ARAF and BRAF containing single- 
point mutations, and also analysed chimaeric 
proteins made of different pieces taken from 
the two kinases. Notably, no single amino-acid 
change within the catalytic kinase domain 
(the part of the protein that defines a protein 
kinase) altered the protein's affinity for HSP90. 
Rather, the authors found that determinants 
for HSP90 association were widely distributed 
across the kinase domain. 
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Figure 1 | A helping hand for unstable proteins. a, Many proteins of the protein-kinase family form 
aggregates or are degraded unless they form a complex with the chaperone protein HSP90. Binding of the 
kinase to HSP90 can be reversed by the use of HSP90 inhibitors, for example. Taipale et al.’ report that 
another protein, co-chaperone CDC37, facilitates the recognition of kinase-family features by HSP90. 

b, The authors also show that the strength of the HSP90-kinase interaction is correlated with the thermal 
instability of the kinase. Some of this instability might be due to the presence of long, highly flexible loops 
in the kinase domain, because protein-kinase variants possessing certain shorter flexible segments display 
increased thermal stability and decreased interaction with HSP90. Small molecules stabilized the kinases 


and led to weaker association with HSP90. 
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Yet, surprisingly, they also showed that 
association of a client with HSP90 could be 
modulated by changes to certain highly local- 
ized regions in the kinase domain, regardless 
of their amino-acid sequences. The changes 
mimicked those produced by a natural pro- 
cess known as alternative splicing, by which 
a protein-encoding messenger RNA can be 
processed in different ways to generate various 
‘isoforms’ of the protein. That finding might 
explain Taipale and colleagues’ observation 
that isoforms of the same kinase can have 
distinct affinities for HSP90. 

The authors noticed that fewer crystal struc- 
tures had been reported for the kinase domains 
of HSP90 clients than for those of non-clients, 
which suggested that clients might be less solu- 
ble and stable than non-clients. On the basis 
of this and their previous findings, Taipale et 
al. hypothesized that affinity for HSP90 might 
be related to a client's instability. Indeed, they 
showed that the strength of the interactions 
between HSP90 and 56 kinases was corre- 
lated with the thermal instability of the kinase 
domain. The thermal-instability data used 
had been obtained previously by measuring 
the progressive unfolding of the proteins at 
increasing temperatures’, and probably reflect 
the presence of flexible, unstructured regions 
of the kinase domain that HSP90 can identify 
and bind to. 

To delve deeper into their thermal-insta- 
bility hypothesis, the authors focused on the 
oncogenic kinase BCR-ABL, because it is 
known’ that certain small-molecule inhibi- 
tors and activators of this kinase can lock the 
protein in a stable (active or inactive) con- 
formation — which should increase its ther- 
mal stability. Indeed, treatment of cells with 
such molecules decreased the association of 
BCR-ABL with HSP90. Moreover, mutations 
that reduced or enhanced the thermal stability 
of BCR-ABL resulted in increased or decreased 
HSP90 affinity, respectively. Several lines of 
evidence therefore back up the view that the 
thermal stability of a kinase determines its 
association with HSP90 (Fig. 1). 

But how does HSP90 ‘know’ whether a 
protein is a kinase? There was previous evi- 
dence that the co-chaperone CDC37 medi- 
ated the interaction between HSP90 and 
certain kinases”®. Taipale et al. now provide 
additional, systematic evidence that HSP90 
requires CDC37 to recognize kinases — but 
not to recognize clients that are transcription- 
factor proteins. Future large-scale analyses 
incorporating other co-chaperones may reveal 
additional recognition determinants specific 
to various client classes. Such analyses could 
also be valuable in defining the multi-protein 
interactions established by HSP90 and how 
they are affected by small-molecule inhibitors 
of HSP90 and of client function. 

In addition, the researchers report that 
HSP90 interacted with 117 proteins belonging 
to the E3 ubiquitin ligase class, which targets 


proteins for degradation. The recognition rules 
for choosing clients among these degradation 
partners must now be determined. Moreover, 
the mechanisms by which inhibition of HSP90 
leads to the destruction of some clients but not 
others (which then form insoluble aggregates) 
remain unclear. 

Taipale and colleagues’ systematic and quan- 
titative study indicates that the co-chaperone 
CDC37 helps HSP90 to recognize the kinase 


abnormally activated by mutations in can- 
cer cells and that would otherwise be prone 
to aggregation or degradation”. Neverthe- 
less, there is still much to be discovered about 
how HSP90 chooses its clients, co-chaperones 
and degradation partners in its highly com- 
plex, choreographed dance — knowledge 
that will have profound implications for 
evolutionary and cell biology, as well as for the 
treatment of disease. m 


client class, and that the subsequent HSP90 
kinase interaction is determined by an as-yet- 
unknown feature that can be measured in terms 
of thermal instability. Exactly how HSP90 rec- 
ognizes thermally unstable kinase domains is 
a key question for future research. To answer 
it, we probably need to solve the three-dimen- 
sional structures of HSP90 multi-protein 
complexes containing clients. However, it is 
tempting to speculate that thermal instability 
is related to the flexibility of the kinase ‘hinge’ 
— asegment of the protein that connects the 
amino- and carboxy-terminal parts ofa kinase 
domain — or other mobile regions. 

Such emerging recognition mechanisms 
should eventually provide a molecular expla- 
nation for the various roles of HSP90. They 
are already beginning to reveal precisely 
how the chaperone acts as a driving force in 
kinase evolution: by stabilizing potentially 
advantageous but unstable protein forms, 
HSP90 buffers the effects of genetic varia- 
tion that could be detrimental to the organ- 
ism but that provide improved survival under 
stress conditions where HSP90 is partially 
inhibited". In addition, these mechanisms 
can also explain how HSP90 exhibits its 
‘dark side’: HSP90 protects kinases that are 
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The big picture 
of marsh loss 


A landscape-scale experiment shows that excessive nutrient levels can cause the 
loss of salt marshes — a result that was not seen in smaller studies. This illustrates 
the value of large-scale, long-term studies in ecology. SEE LETTER P.388 


STEVEN C. PENNINGS 


he widespread use of fertilizers has 

greatly altered global nitrogen and 

phosphorus cycles, which are now 
dominated by anthropogenic rather than 
natural processes”. A substantial portion 
of fertilizers are ultimately transported into 
rivers and to the sea. One consequence of this 
increased nutrient supply is the proliferation 
of ‘dead zones’ at the mouths of the world’s 
rivers — areas where the decomposition of 
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fertilizer-driven algal blooms has used up most 
of the oxygen, leading to the death of fish and 
other large organisms’. Wetlands could pro- 
vide a solution to this problem, because they 
chemically transform nutrients as they flow 
from land to sea. In particular, coastal salt 
marshes transform nitrate, the most abundant 
form of nitrogen in fresh waters, into nitrogen 
gas, thereby limiting the amount of nitrogen 
reaching the ocean’. But does providing this 
‘ecosystem service’ to humanity have con- 
sequences for wetlands? On page 388 of this 


issue, Deegan et al.° show that the 
price may be a high rate of global 
wetland loss. 

Coastal wetlands are valuable. 
In addition to transforming nutri- 
ents, they support fisheries, protect 
coasts from storms and provide 
habitat for wildlife. To determine 
how wetlands may be affected by 
increased nutrient supplies, scien- 
tists have experimentally applied 
nutrients to wetlands in dozens of 
studies. Almost all of these studies 
used small plots, rarely larger than 
1 square metre, and applied nutri- 
ent levels far higher than those that 
occur in even the most enriched 
habitats. These experiments have 
shown that nutrient addition 
causes a decrease in the mass ratio 
of plant roots to shoots, an increase 
in above-ground biomass, a change 
in plant species composition, and an 
increased vulnerability of plants to 
herbivores®. Whether these results 
can be scaled up to entire estuar- 
ies, however, has remained an open 
question. 

Deegan et al. took a new 
approach to studying nutrient 
effects in estuaries. Working at the 
scale of entire tidal creeks (approxi- 
mately 30,000 square metres), they 
added nutrients to the water flow- 
ing into a marsh on rising tides, 
replicating conditions typical of 
nutrient-enriched estuaries. They 
then compared the responses of the 
studied region with those of con- 
trol creeks over nine years. Because 
Deegan and colleagues had the 
resources and time to conduct a large, long- 
term experiment, they were able to study all 
the microhabitats that occur in marshes. This 
broad scope paid off in an unexpected way: 
the authors observed striking changes to the 
stability and morphology of creek banks, a 
microhabitat that is usually not included in 
plot-based studies. Moreover, the geomorpho- 
logical changes were not apparent until sev- 
eral years had passed, and so would probably 
have been overlooked by a standard research 
project. 

Some of the authors’ findings were expected 
on the basis of previous work: plants grew 
fewer roots because nutrients were easier to 
find, and the decomposition of organic mat- 
ter in the soil increased because the added 
nutrients enabled bacteria to metabolize 
organic matter more easily. But other results 
transform our understanding of how nutrients 
affect coastal wetlands. In particular, Deegan 
et al. observed that the loss of roots and organic 
matter reduced the stability of creek-bank 
soils, leading to the collapse of creek banks and 
the consequent conversion of salt marsh into 
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Figure 1 | Nutrients and salt-marsh loss. Over the course of nine years, 
Deegan et al.° added nutrients to the water at the mouth of tidal creeks 
at Plum Island Estuary, Massachusetts, when the tide was rising, so that 
the nutrients entered the marshes around the creeks. The marshes in 
this region are dominated by two grasses: Spartina patens on the marsh 
platform and Spartina alterniflora along creek banks. a, When nutrient 
supplies to estuaries are normal, marshes are dissected by narrow tidal 
creeks, the grasses produce substantial root growth and the soil contains 
lots of organic matter. b, By contrast, when nutrients were added, the 
authors observed that plants produced fewer roots, organic matter 
decomposed more rapidly and creek banks collapsed, leading to wider 
creeks and less vegetated marsh, with narrower bands of S. alterniflora. 


mudflat (Fig. 1). Although only the area within 
a few metres of creeks was affected, most salt 
marshes are highly dissected by a network of 
tidal creeks; the potentially affected habitat 
could thus represent a large proportion of 
overall marsh area. 

Could increased nutrient availability be 
contributing to the loss of coastal wetlands 
worldwide? Deegan et al. worked at a relatively 
high-latitude salt marsh in the northeastern 
United States. To answer this question, their 
work needs to be replicated at other sites, 
particularly at lower-latitude salt marshes, 
which typically have soils with lower levels 
of organic matter’. Replicating such a large 
experiment would be a daunting task, but 
observational studies comparing marshes in 
high- and low-nutrient environments might 
also identify effects on creek morphology. 
Indeed, Deegan et al. have taken a first step 
along these lines, by showing that the history 
of rapid marsh loss in Long Island Sound and 
Jamaica Bay (also both in the northeastern 
United States) is consistent with the timing of 
nutrient enrichment in these areas. 
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Because salt marshes are threat- 
ened by many factors worldwide’, 
including sea-level rise, human 
development of marshes and 
adjacent terrestrial habitats, and 
increased livestock grazing, creek- 
bank collapse is unlikely to be the 
only cause of marsh loss. It is likely, 
however, that nutrient-driven 
creek-bank collapse will interact 
with other drivers of marsh loss in 
unexpected ways. Future studies 
need to investigate these potential 
interactions, which may be key to 
predicting the future health of salt 
marshes. Moreover, further study 
is needed to determine whether the 
process of creek-bank collapse will 
continue indefinitely, or whether 
it is self-limiting and will stabilize 
once creeks equilibrate into a new 
morphology. 

Perhaps the broadest lesson from 
Deegan and colleagues’ work is that 
ecologists must use caution when 
extrapolating the results of experi- 
ments at modest scales to entire 
landscapes, because findings from 
small-scale experiments may be 

incomplete or even misleading. For 
example, a typical outcome of plot- 
based studies is that the composi- 
tion of plant communities changes 
in response to increased nutrient 
levels’, but Deegan et al. found no 
evidence for such changes. In addi- 
tion, as Deegan and colleagues 
discovered, large-scale experiments 
may uncover processes that have 
been totally overlooked by small- 
scale studies. Landscape-level stud- 
ies are expensive and time-consuming, but 
they may be indispensable if we are to under- 
stand how environmental challenges affect the 
ecosystems that we depend on. = 
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The aged niche disrupts muscle stem cell 


quiescence 


Joe V. Chakkalakal', Kieran M. Jones”, M. Albert Basson? & Andrew S. Brack!** 


The niche is a conserved regulator of stem cell quiescence and function. During ageing, stem cell function declines. To 
what extent and by what means age-related changes within the niche contribute to this phenomenon are unknown. 
Here we demonstrate that the aged muscle stem cell niche, the muscle fibre, expresses Fgf2 under homeostatic 
conditions, driving a subset of satellite cells to break quiescence and lose their self-renewing capacity. We show in 
mice that relatively dormant aged satellite cells robustly express sprouty 1 (Spry1), an inhibitor of fibroblast growth factor 
(FGF) signalling. Increasing FGF signalling in aged satellite cells under homeostatic conditions by removing Spry] results 
in the loss of quiescence, satellite cell depletion and diminished regenerative capacity. Conversely, reducing 
niche-derived FGF activity through inhibition of Fgfrl signalling or overexpression of Spry] in satellite cells prevents 
their depletion. These experiments identify an age-dependent change in the stem cell niche that directly influences stem 


cell quiescence and function. 


Pax7-expressing (Pax7~) satellite cells function as an essential stem 
cell population capable of extensive self-renewal and skeletal muscle 
repair’ ®. During ageing, the regenerative capability of muscle is 
hampered owing in part to impaired satellite cell function’. 
Exposure to a young environment or manipulation of growth factors, 
which promote proliferative expansion or myogenic progression, can 
partly restore the proliferation and differentiation of aged satellite 
cells*"'°. However, aged skeletal muscle also demonstrates a notable 
decline in the number of Pax7™ satellite cells under homeostatic 
conditions’®’*"*. The signalling cascades responsible for regenerative 
decline in aged muscle have been intensively investigated”’*”*; in 
contrast, the mechanisms driving satellite cell depletion with age 
remain unknown. 

In invertebrates, age-associated changes in the niche have been 
shown to cause a decline in stem cell number and function'®’’. In 
mammals, the stem cell niche is a critical factor in the maintenance of 
quiescence, a reversible state of growth arrest crucial to the preser- 
vation of adult stem cell number and function’*””. Satellite cells are 
located along the length of the muscle fibre in close contact with the 
plasma membrane and beneath the basal lamina”. The association of 
adult satellite cells with mature muscle fibre is of vital importance to 
the maintenance of satellite cell quiescence during homeostasis”’. 
Therefore, the muscle fibre is considered to be a component of the 
satellite cell niche. In this work, we sought to investigate the influence 
of ageing on the satellite cell niche and its impact on satellite cell 
homeostasis. 


Results 

Aged satellite cells cycle more frequently during homeostasis 

During ageing, the number of Pax7™ satellite cells declines 
(Supplementary Fig. la—h). Preservation of the quiescent state is a 
fundamental process that maintains the number and function of self- 
renewing stem cells”. We tested whether muscle stem cell quiescence 
was disrupted during ageing under homeostatic conditions. The proli- 
ferative output of satellite cells throughout life was assessed on the basis 
of label retention (label retaining cells, LRCs). For this purpose, adult 


transgenic mice harbouring a histone2B/green fluorescent protein 
(GFP) reporter driven by a tetracycline (TetO)-inducible transacti- 
vator (TetO-H2B-GFP mice) were fed the TetO analogue doxycycline 
(Dox) for six weeks to transiently activate H2B-GFP and chased for 20 
months to monitor proliferative output** (Fig. 1a). During the chase 
period, the satellite cell pool cycled heterogeneously, with at least two 
distinct populations based on H2B-GFP intensity: an LRC population 
(~35%; higher intensity) and a non-LRC population (~65%; lower 
intensity). 

We next determined whether the rate of satellite cell cycling 
differed between adult and aged H2B-GFP mice during a 12-week 
chase (Fig. 1b). In comparison with adult satellite cells, aged satellite 
cells demonstrated a more pronounced dilution of the H2B-GFP 
label, suggesting that aged satellite cells spend less time in a quiescent 
state. As confirmation of disrupted quiescence, we observed increased 
numbers of bromodeoxyuridine-expressing (BrdU™) satellite cells 
(Fig. 1c, e) and an increase in aged cycling (Ki67°; Ki67 also known 
as Mki67) satellite cells compared with adult (Fig. 1d, f). On the basis 
of the transcriptional analysis of sorted satellite cells, MyoD (Myod1), 
a marker of cycling satellite cells, was higher (Fig. 1g). In contrast, 
quiescent markers p27 and Spry! (ref. 6) were lower in aged satellite 
cells relative to adult (Fig. 1h). Therefore, aged satellite cells lose their 
ability to retain a quiescent state in vivo. 


Preservation of quiescence protects muscle stem cell function 
We next analysed the function of aged satellite cells by transplantation 
in vivo and cell fate assays in vitro. TetO-H2B-GFP mice were used to 
provide a tractable source of nuclear H2B-GFP-expressing satellite 
cells (Fig. 2a). Thirty days after transplantation into Dox-fed adult 
wild-type hosts (Fig. 2b, c), in comparison with adult we observed a 
~60% decline in the contribution from aged H2B-GFP™ satellite 
cells to the myonuclear (Fig. 2d) and Pax7~ (Fig. 2e) compartments. 
Therefore, aged satellite cells show a cell-autonomous decline in self- 
renewal and differentiation potential. Moreover, in vitro fate analysis 
of sorted satellite cells (Fig. 2f-i and Supplementary Fig. 2) demon- 
strates that aged satellite cells tend to lose markers of self-renewal 
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Figure 1 | Aged satellite cells cycle more frequently during homeostasis. 

a, Dox loading and chase strategy for TetO-H2B-GFP mice and fluorescence- 
activated cell sorting (FACS) plots for experiments with no chase and with 84- 
week chase. The satellite cell pool has LRC and non-LRC subsets. b, Strategy 
and FACS plots for aged (Ag) and adult (Ad) no-chase and 12-week-chase 
satellite cells. Neg, vehicle-treated satellite cells. (n = 10,000 cells; 6 animals per 
group.) c, BrdU feeding and representative images of satellite cells stained with 
anti-Pax7 and BrdU (4’,6-diamidino-2-phenylindole (DAPI) in merge). 

d, Representative sections from aged muscle stained with anti-Pax7 and Ki67 
(laminin in merge). e, Percentage of BrdU* satellite cells (n = 300 cells; 4-6 
animals per group). f, Percentage of Ki67~ and Pax7™ satellite cells (SCs) per 
section (n = 4-6 animals per group). g, h, Real-time quantitative PCR (RT- 
qPCR); Myod (g) p27 and Spry1 (h) in satellite cells. (n = 10,000 cells per 
condition, performed in triplicate; 5 mice per group.) Scale bars, 20 jum; error 
bars, s.e.m.; *P < 0.05. 


potential’**° (Pax7) and gain markers of differentiation (Myogenin, 
Myog)” and apoptosis (aCasp) (Fig. 2g-i). Thus, fewer satellite cells in 
aged muscle retain robust self-renewal potential after cell cycle entry. 

We next asked whether the relative proliferative output between 
aged LRC and non-LRC subsets influenced satellite cell phenotypes. 
Consistent with a more quiescent primitive state, aged LRCs displayed 
increased expression of Pax7, Spry1 and p27 and decreased expression 
of Myf5 compared with non-LRCs (Fig. 2j). After 4 days in vitro, aged 
non-LRC satellite cells displayed reduced cell growth (Fig. 2k), Pax7 
expression (Fig. 21) and an increase in MyoG expression compared 
with aged LRC satellite cells (Fig. 2m). Apoptosis was not different 
between aged LRC and non-LRC satellite cells (Fig. 2n). Next, aged 
LRC and non-LRC satellite cells were transplanted into adult, pre- 
injured, Dox-fed recipients and allowed to recover for 30 days 
(Fig. 20). LRC satellite cells seeded approximately threefold more 
satellite cells and differentiated myonuclei than did non-LRC trans- 
plant recipients (Fig. 2p, q). Together these data demonstrate that 
under homeostatic conditions the satellite cell pool is functionally 
heterogeneous when judged on the basis of proliferative history and 
that maintenance of quiescence is vital to retain self-renewal potential 
throughout life. 


Induction of niche-derived Fgf2 disrupts stem cell quiescence 
The stem cell niche is essential for quiescence and maintenance of the 
stem cell pool'”’’. We asked whether disrupted quiescence was due to 
changes in the aged muscle stem cell niche, the muscle fibre’’. 
Members of the FGF family of ligands are well-characterized growth 
factors that are known to possess potent satellite cell mitogenic 
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Figure 2 | Preservation of quiescence protects satellite cell function. 

a, Scheme of transplantation assay of 2,000 aged and adult Dox-fed TetO-H2B- 
GFP satellite cells into pre-injured Dox-fed wild-type hosts. b, c, Representative 
images of host whole-mount (b) and muscle sections (c) of transplant 
recipients. Lower panels in c, Pax7* and H2B-GFP* cells. d, e, Numbers of 
H2B-GEP* sublaminar myonuclei (d) and H2B-GFP*/Pax7* sublaminar 
satellite cells (e), summed over six consecutive 10-11m sections averaged across 
three regions of muscle (m = 4 mice per group). f, Representative images of 
Pax7*, MyoG", MyoD* and activated caspase-3~ (aCasp”) satellite cells after 
4-day culture. g-i, Percentage of Pax7* (g), MyoG* (h) and aCasp~ (i) satellite 
cells after 4-day culture (n = 300-600 cells, in triplicate). j, Myogenic and 
quiescent marker expression (n = 3 mice per condition). k-n, Number of cells 
per clone (k); percentage of Pax7* (1), MyoG* (m) and aCasp~ (n) satellite 
cells after 4-day culture (n = 300-600 cells per condition, performed in 
triplicate). o, Transplant strategy of 2,000 LRC and non-LRCs injected into pre- 
injured Dox-fed wild-type hosts. p, q, Numbers of H2B-GEP* sublaminar 
myonuclei (p) and H2B-GFP*/Pax7* sublaminar satellite cells (q), summed 
over six consecutive 10-|1m section averaged across three regions of muscle 
(n = 4 mice per group). Scale bars: 25 um (b, f), 200 um (c, upper), 10 ym 

(c, lower); error bars, s.e.m.; *P < 0.05. 


activity*’°. We performed an RT-qPCR array of FGF ligands, in aged 
and adult purified single muscle fibres. Only five FGF genes were 
expressed in single muscle fibres and Fgf2 underwent the greatest fold 
increase in aged fibres (Fig. 3a and Supplementary Fig. 3a, b). We next 
used in situ hybridization to analyse Fgf2 expression (Fig. 3b). Fef2 was 
observed in restricted regions along the length of aged muscle fibres, 
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Figure 3 | Fgf2 is an aged-niche-derived factor that induces satellite cells to 
cycle. a, Single-muscle-fibre expression of Fgf2 by RT-qPCR (three reactions 
performed in triplicate; n = 5 mice per group). b, Fgf2 in situ hybridizations on 
adult and aged single muscle fibres. A sense probe was used as a background 
negative control (lower panel). c, Representative longitudinal sections stained 
with anti-Pax7 (green, white arrow), laminin (white) and Fgf2 (red). DAPI 
(blue) shows a Pax7" satellite cell (white arrow) close to Fgf2 (asterisk). 

d, Percentage of satellite cells near (<20 jum) Fgf2~ regions (n = 3 animals per 
group). e, Strategy to assess mitogenic activity of purified PMEs. f, g, Percentage 
of cycling (Ki67*) adult and aged satellite cells treated with adult or aged PME 
and Fgf2bl (f) or SU5402 (g) (n = 1,000 cells per condition; n = 5 animals per 
group). h, Strategy to inhibit FGF activity in vivo via implanted SU5402-coated 
beads. i, j, Percentage of BrdU" satellite cells (i) and aCasp~ satellite cells 

(j) after 4-day culture from Ad and Ag mice with SU5402 treatment (n = 300- 
600 cells per condition; n = 4-6 mice per group). Scale bar, 20 1m; error bars, 
s.e.m.; *P< 0.05. 


some in close proximity to satellite cells (Supplementary Fig. 3c). 
In addition, we observed a notable increase in Fgf2 protein underneath 
the basal lamina in aged skeletal muscles relative to adult, whereas 
Fgf2 was not detected in adult or aged satellite cells (Fig. 3c, d and 
Supplementary Fig. 2d, e). Moreover, aged muscle had fewer Fgf2* 
interstitial cells than did adult muscle (Supplementary Fig. 2f-h). 
Together these results demonstrate that the aged satellite cell niche, 
the muscle fibre, is the principal source of Fgf2. 

To identify soluble muscle-fibre-derived factors that signal to 
satellite cells, we isolated purified single muscle fibres, washed them 
multiple times to minimize interstitial cell contamination and extracted 
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soluble fractions (hereafter termed purified myofibre extract (PME)) 
(Fig. 3e and Supplementary Fig. 4a—e). PME diluted in basal medium 
was incubated with quiescent satellite cells (Fig. 3f, g and Supplemen- 
tary Fig. 4i) and Pax7 * satellite-cell-like reserve cells (RSCs), a model of 
reversibly quiescent satellite cells*” (Supplementary Fig. 4i, k), and 
assayed for cell cycle entry. In comparison with adult PME, aged 
PME increased the fraction of adult and aged quiescent cells that began 
to cycle (Fig. 3fand Supplementary Fig. 4i), but did not affect apoptosis 
(Supplementary Fig. 4f). In contrast to PME, aged serum did not 
induce cell cycle entry’ (Supplementary Fig. 4g). Moreover, aged 
interstitial cell extract did not induce cell proliferation (Supplemen- 
tary Fig. 4d, e). Collectively, these results demonstrate that the prolif- 
erative activity of satellite cells is induced by aged muscle-fibre-derived 
factors. 

To test whether Fgf2 was responsible for the altered biological 
activity of aged PME, the extract was treated with a blocking antibody 
against Fgf2 (Fgf2bl) or with Fgf2, before incubation of satellite 
cells (Fig. 3e, f and Supplementary Fig. 4h) and RSCs (Supplemen- 
tary Fig. 4j, k). Fgf2 added to adult PME was sufficient to break 
quiescence, and neutralization of Fgf2 activity prevented aged-PME- 
induced cell cycle entry (Fig. 3f and Supplementary Fig. 4h, j, k). 
Therefore, the increased abundance of soluble muscle-fibre-derived 
Fgf2 in aged muscle leads to a loss of quiescence in aged satellite cells. 

To confirm that the active components of the PMEs signal through 
FGF receptors, we pre-treated quiescent satellite cells and RSC 
cultures with the Fgfrl inhibitor SU5402 (Fgfrli) before PME expo- 
sure. Fgfrli treatment prevented aged-PME-induced cell proliferation 
(Fig. 3g and Supplementary Fig. 41). In addition, proliferation of 
quiescent Cre-adenovirus-treated RSCs cultured from Fefri”"* 
satellite cells was abolished in the presence of Fgf2 and aged PME 
relative to control cultures (Supplementary Fig. 4m). In contrast, 
Fgfrli treatment and deletion of Fgfr1 did not alter proliferation of 
satellite cells or RSCs cultured with adult PME. Therefore, aged- 
muscle-fibre-derived Fgf2 signals through Fgfrl to promote satellite 
cell loss of quiescence. 

To determine whether aged satellite cell quiescence was regulated 
through FGF signalling in vivo, we asked whether long-term admin- 
istration of Fgfrli would prevent satellite cell proliferation (Fig. 3h-j). 
After six weeks of Fgfrli treatment, the fraction of BrdU" satellite 
cells from aged muscle was indistinguishable from that from adult 
control muscle (Fig. 3i). Moreover, the increased apoptosis observed 
in aged satellite cells was attenuated (Fig. 3j). These results demon- 
strate that increased FGF signalling is a major contributor to the loss 
of stem cell quiescence and possibly stem cell depletion during ageing 
under homeostatic conditions. 


Satellite cell quiescence in the niche is sensitive to FGF signalling 
We next asked whether quiescent satellite cells were sensitive to 
increased levels of FGF signalling from the niche. The genes in the 
sprouty family function as downstream targets and negative-feedback 
modulators of the FGF signalling cascade***. Comparison between 
sprouty genes revealed that Spry expression, unlike that of other 
sprouty genes, was decreased by Fef2 (ref. 33; Supplementary Fig. 5a) 
and enriched in aged LRCs compared with non-LRCs (Supplemen- 
tary Fig. 5b). These data are consistent with high levels of Spry1 
expression in quiescent satellite cells and RSCs'’. To assess whether 
lower levels of Spry1 in non-LRC satellite cells was due to an increased 


We observed a reduction in B-galactosidase staining intensity in aged 
quiescent non-LRC relative to LRC satellite cells and a relatively low 
number of cycling LRC and non-LRC satellite cells (Supplementary 
Fig. 5c-g). Therefore, aged quiescent satellite cells with a limited pro- 
liferative history are enriched for the FGF inhibitor Spry]. 

To manipulate Spry! levels in satellite cells, we used Pax7-CreER™ 
crossed with an inducible loss-of-function allele’ (Spryl™, to create 
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Sprylnull cells) and a gain-of-function allele*> (CAG-GFP/Spry1, 
to create SprylOX cells), to increase and decrease FGF signalling, 
respectively. Tamoxifen (Tmx) was administered to Sprylnull and 
control adult mice, and 10 day later sorted satellite cells were cultured 
for 24 hours in Fgf2, or PME alone, and in combination with Fgf2bl or 
Fgfrli. Consistent with our hypothesis, a larger fraction of Sprylnull 
satellite cells entered the cell cycle in the presence of Fgf2 (Sup- 
plementary Fig. 6a) and aged PME (Supplementary Fig. 6b) than 
did in control satellite cells. Moreover, the loss of quiescence induced 
by aged PME in Spry1 null satellite cells was prevented in the presence 
of Fgf2bl and Fgfrli (Supplementary Fig. 6b, c). In contrast, aged- 
PME-induced proliferation was prevented in Tmx-treated SprylOX 
satellite cells compared with controls (Supplementary Fig. 6d). In 
support of these findings, proliferation of quiescent Cre-adenovirus 
treated RSCs cultured from Spry” satellite cells was augmented in 
the presence of Fgf2 and aged PME relative to control cultures 
(Supplementary Fig. 6e, f). In contrast, proliferation induced by 
Fgf2 and aged PME was abrogated in Cre-adenovirus-treated RSC 
cultures from SprylOX satellite cells (Supplementary Fig. 6g, h). 
Together these results demonstrate that Spry1 levels modulate Fgf2 
signalling to maintain muscle stem cell quiescence in vitro. 

To test the requirement of Spryl for maintaining satellite cell 
quiescence in vivo, we administered Tmx to adult and aged control 
and Sprylnull mice to delete Spry1 (ref. 6; Fig. 4a). This approach 
efficiently deletes Spry1 and increases a downstream transcriptional 
target of FGF signalling, Erm (Etv5), in vivo (Supplementary Fig. 7). 
After a short-term deletion of Spry1, the number of Pax7™ cells 
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Figure 4 | Aged satellite cells are sensitive to acute changes in FGF 
signalling. a, Strategy to delete Spry] in satellite cells of adult and aged mice 
before injection of SU5402-coated beads. b, Number of Pax7* satellite cells per 
single muscle fibre (20-30 single muscle fibres per animal; n = 4-6 mice per 
group). ¢, Percentage of Ki67* and Pax7” satellite cells per 10-{1m cross-section 
10 days after Tmx injection (n = 4—6 animals per group). d, Strategy to label 
and chase BrdU in satellite cells from adult and aged control or Spry1null mice 
6 weeks after Tmx injection, and percentage BrdU* or LRC satellite cells after 
chase. e, Strategy for BrdU incorporation in Tmx-treated control and SprylOX 
aged mice, and percentage BrdU” satellite cells after chase. In d and 

e, n = 1,000 cells per condition (n = 4-6 mice per group). Error bars, s.e.m.; 
*P<0.05. 
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(Fig. 4b) and the percentage of cycling Pax7™ cells (Fig. 4c) were 
significantly increased in Spry1null mice relative to control aged mice, 
consistent with loss of quiescence. This effect was abrogated in the 
presence of Fgfrli (Fig. 4b), thus providing further confirmation that 
Spry1 modulates levels of FGF signalling in aged satellite cells. In 
contrast to aged mice, deletion of Spry1 in adult mice did not alter 
satellite cell number, consistent with a low level of Fgf2 in these mice. 

To define further the loss of quiescence after increased FGF 
signalling under homeostasis, we assessed BrdU-LRC, which is a 
measure of slow-dividing stem cell behaviour*® in adult and aged 
Sprylnull and control mice (Fig. 4d). Comparison of chased adult 
control and Sprylnull mice revealed no shifts in the fraction of 
BrdU-LRC satellite cells. In contrast, the fraction of BrdU-LRC 
satellite cells decreased in aged Spry1null mice relative to aged control 
mice. Therefore, short-term deletion of Spry1 in aged satellite cells 
leads to loss of quiescence. To determine whether Spry1 was sufficient 
to inhibit satellite cell proliferation in aged muscle, we analysed aged 
and adult SprylOX and control mice (Fig. 4e). Both SprylOX and 
control mice received Tmx at 18 months of age, were fed BrdU at 
21 months and were killed at 23 months. In comparison with aged 
control, fewer aged SprylOX satellite cells incorporated BrdU, 
consistent with maintenance of satellite cell quiescence (Fig. 4e). 
These results demonstrate that Spry1, expressed specifically in satellite 
cells, is sufficient to dampen FGF signalling in the aged niche to 
maintain cellular quiescence. 


Prolonged FGF signalling drives satellite cell depletion 

We proposed that loss of quiescence driven by an increase in aged- 
niche-derived Fgf2 signalling was contributing to satellite cell 
depletion during ageing. To test this, we performed long-term Spry1- 
deletion experiments to increase FGF signalling specifically in 
satellite cells throughout adult life. Spry1null and control mice were 
administered Tmx and analysed 18 months later (Fig. 5a). Compared 
with aged controls, the number of satellite cells decreased by ~50% in 
aged Sprylnull muscle. We next deleted Spry1 in aged satellite cells, 
that is, on age-induced Fgf2 increases in the niche (Fig. 5b), and 
analysed satellite cell number six weeks later. Compared with aged 
controls, aged Sprylnull mice had 50% fewer satellite cells. When 
cultured, aged Sprylnull satellite cells were more prone to differenti- 
ation and apoptosis than were aged control cells (Supplementary 
Fig. 8). Together these data demonstrate that aged-niche-induced 
FGF signalling leads to an initial loss of quiescence followed by a 
depletion of the stem cell pool. In contrast, satellite cell number was 
twofold higher in aged SprylOX mice than in aged controls (Fig. 5c). 
Therefore, levels of FGF signalling induced by the aged niche mediate 
satellite cell pool size in homeostatic conditions. 

The observed correlation between diminution of the satellite cell 
pool'*"* (Supplementary Fig. 1) and regenerative delay during ageing’ 
prompted us to ask whether further diminution of the aged satellite 
cell pool, achieved by Spry1 disruption in aged satellite cells, impairs 
muscle regenerative capacity (Fig. 5d). Six weeks after Tmx delivery, 
aged control and Sprylnull muscle were injured and left to recover 
for 30 days. In aged control mice, muscle regenerative capacity based 
on myofibre size was reduced by 15% compared with uninjured 
contralateral muscle. In aged Sprylnull mice, the myofibre size of 
regenerated muscle was 50% smaller than the contralateral control 
(Fig. 5e). To confirm that the regenerative decline was related to 
satellite cell loss, we injured aged Sprylnull mice 10 days after Tmx 
administration, when the number of Pax7~ cells had increased owing 
to the initial loss of quiescence (Supplementary Fig. 9). In contrast to 
long-term Spry] deletion, after short-term Spry1 deletion muscle fibre 
size was greater in regenerating aged Sprylnull mice than in aged 
controls (Supplementary Fig. 9). Therefore, the exacerbated loss of 
the satellite cell pool due to a longer-term increase in FGF signalling in 
aged uninjured muscle becomes limiting on regeneration. 
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Figure 5 | Longer-term changes in FGF signalling drive satellite cell 
depletion. a, Strategy to delete Spry1 from satellite cells for 18 months, and 
number of Pax7™ satellite cells per muscle section (n = 30 sections per muscle; 
n = 5-6 animals per group). b, Spry] deletion in aged satellite cells for 6 weeks, 
and number of Pax7 satellite cells per single muscle fibre (n = 30 fibres per 
animal; n = 5-6 animals per group). ¢, Spryl overexpression for 5 months in 
aged satellite cells, and number of Pax7” satellite cells per single muscle fibre 
from aged control and SprylOX mice (n = 20-30 single fibres per animal; 
n= 4-6 mice per group). d, Prior deletion of Spry1 for 6 weeks in aged satellite 
cells followed by muscle injury, and HE-stained images of uninjured (0 d) and 
30-day regenerated muscles. e, Quantification of fibre size 30 days after BaCl- 
induced injury, compared with contralateral uninjured muscle (0d) (n = 30 
sections per muscle; n = 4-6 mice per group). Scale bar, 25 jm; error bars, 
s.e.m.; *P < 0.05 to 0d, **P < 0.05 to control 30 day; analysis of variance with 
Bonferroni’s post hoc test. 
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Finally, to test the impact of long-term inhibition of FGF signalling 
in response to injury, we injured adult and aged mice after six weeks of 
Fgfrli administration (Supplementary Fig. 10). Thirty days after 
injury, muscle fibre size was 30% smaller in Fgfrli-treated compared 
with controls, suggesting that repression of FGF signalling inhibits 
myofibre repair’’”*. In contrast, the number of self-renewing satellite 
cells was greater in aged Fgfrli mice than in controls. This result 
demonstrates that repressing Fgfrl signalling during ageing improves 
the self-renewal capacity of satellite cells during regeneration. 


Discussion 


Our data demonstrate that increased levels of FGF signalling directed 
from the aged satellite cell niche lead to the loss of quiescence and 
depletion of the resident stem cell population, which eventually 
diminishes muscle regenerative capacity (Supplementary Fig. 11). The 
discovery that aged satellite cells break quiescence under homeostatic 
conditions was surprising considering their proliferative disadvantage 
in high-mitogen regenerative contexts”’. In support of our data, aged 
haematopoietic stem cells are more active in the aged niche*’. It is 
possible that a consequence of ageing across stem cell niches is their 
inability to retain stem cells in a quiescent state. 

Functional heterogeneity within the adult satellite cell pool is 
becoming more apparent*****. Our results show that the aged 
satellite cell compartment is composed of highly functioning LRC 
subsets and non-LRC subsets, that self-renew poorly and tend to 
differentiate, demonstrating that retention of quiescence is essential 
for maintenance of stem cell function. Quiescence of adult satellite 
cells is regulated at multiple levels**“*°. Satellite cells that retain a more 
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quiescent phenotype and maintain stem cell function express higher 
levels of the FGF inhibitor Spry1. Therefore, feedback inhibition of 
niche-derived signals may be a means to promote satellite cell main- 
tenance with age. 

The systemic environment has a significant role in satellite cell 
proliferation in vitro and during repair. The young systemic environ- 
ment stimulates satellite cell proliferation; the aged systemic environ- 
ment inhibits satellite cell proliferation”'*. We have showed here that 
the aged satellite cell niche becomes stimulatory, driving satellite 
cells out of quiescence, suggesting that the niche is dominant during 
homeostasis. However, in the context of injury, the relationship 
between niche and systemic signalling is disrupted, owing to injury- 
induced niche (muscle fibre) degeneration. Such disruption poten- 
tially creates a permissive state for the systemic environment to exert 
its influence on satellite cells. 

To our knowledge, this is the first identification of a ligand that 
specifically increases within a mammalian aged niche that can 
promote breaks in quiescence leading to declines in stem cell function 
and number during homeostasis. The reasons for the increase in Fgf2 
are not known. We speculate that Fgf2 induction is a cell-autonomous 
response as an attempt to repair the aged muscle fibre, akin to the 
induction of FGFs during development and regeneration to promote 
myogenic commitment and differentiation’’***”°. Strategies to 
prevent chronic Fgf2 production from the aged niche or repress 
FGF signalling at the level of the aged satellite cell may reduce stem 
cell loss during ageing. 


METHODS SUMMARY 


To monitor proliferative history of satellite cells, adult and aged TetO- H2B-GFP 
mice received Dox (1mgml’ supplemented with 5% sucrose in drinking 
water) for six weeks”. Alternatively, mice were fed BrdU (Sigma; 0.5 mg ml ' 
supplemented with 5% sucrose in drinking water). Some mice were immediately 
killed whereas others were given normal drinking water to allow chase of BrdU or 
H2B-GFP labelling before isolation of satellite cells. For satellite cell transplanta- 
tion studies, after six weeks of Dox feeding 2,000 satellite cell events were purified 
by fluorescence-activated cell sorting and reconstituted in 50 ul PBS for direct 
intramuscular delivery into pre-injured (with 1.2% BaClz) host C57BL/6 tibialis 
anterior muscle. Host mice were re-fed Dox (Img ml! in 5% sucrose in drinking 
water) to maintain H2B-GFP labelling during the 30-day regeneration period. 
Subsequently, muscle was prepared for analysis. For immunohistological 
analysis, 10-|1m-thick transverse sections were obtained for every 200 um region 
to identify H2B-GFP* regions. Counts of H2B-GFP* myonuclei and Pax7 cells 
were obtained and summed from six consecutive 10-|1m sections per transplant, 
taken over three regions. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Animals. C57BL/6 mice were obtained from Jackson Laboratories and the 
National Institute on Ageing. Mice were used at 4-8 months of age (adult) or 
22-24 months of age (aged). Mice carrying the Spry gene flanked by a pair of 
loxP sites (Spry) were used for satellite-cell-specific deletion studies**'. Mice 
carrying a transgene encoding a Cre-inducible expression construct for Spry1 
controlled by a chicken B-actin gene (CAG) promoter (SprylOX) were used 
for satellite-cell-specific overexpression studies*’. Mice carrying one copy of the 
lacZ gene encoding f-galactosidase inserted into the Spryl coding region 
(Spry1'*“*/~) were used to examine Spry1 transcriptional activity’. Mice 
carrying the Fegfrl gene whereby exons 8 to 14 are flanked by loxP sites 
(Fefrl™") were used in RSC-deletion studies”. Spry!" or Spry1* mice 
were crossed with Pax7-CreER™ mice™ to generate Pax7-CreER™; Spry Us 
(Sprylnull) or Pax7-CreER™; Spry1°*/°X (Spry1OX) mice and control (Ctrl 
(-CreER)) littermates. Mice for Cre/lox inducible experiments were maintained 
on a FVB background. TetO-H2B-GEP mice”’ and were backcrossed onto a 
C57BL/6 background. TetO-H2B-GFP mice were crossed with Spry1 lnZ+/~ mice 
to generate TetO-H2B-GFP; Spry1'*“*/~ (H2B-GEP; Spry1'*2*/-) mice. 
Unless otherwise stated, 4-6 mice were used per condition. Animals were housed 
and handled in accordance with the guidelines of the MGH subcommittee for 
animal research. 

In vivo cell division analysis. To assess cell proliferation and label retention 
character, aged and adult C57BL/6, Ctrl, Sprylnull and Spry1OX mice were fed 
BrdU (Sigma) (0.5 mg ml ! supplemented with 5% sucrose) continuously for six 
weeks. For label retention studies, Sprylnull mice were given three daily 
intraperitoneal injections of Tmx*! (diluted in corn oil (Sigma)) following 
BrdU loading and placed on regular drinking water to chase label. For cell 
proliferation and label retention studies, satellite cells were sorted, immediately 
plated and processed for immunostaining with Pax7 and BrdU antibodies after 
sodium citrate antigen retrieval". For label retention studies, BrdU" satellite cells 
were classified as label retaining on the basis of quantification of BrdU fluorescent 
intensity®. The fluorescence intensity of BrdU signal obtained by Alexa- 
conjugated 546 secondary antibodies was converted to grey-scale and quantified 
using Nikon Eclipse software. Briefly, images were taken with a X40 Plan Fluor 
objective using identical filter settings and gain and exposure values. Grey-scale 
intensity and background values were obtained for each cell image. The 
intensities after background subtraction were then converted to logarithmic 
values, binned into different categories and plotted with Microsoft Excel and 
Graph Pad Prism software. For all conditions, 300-600 cells were assessed. For 
transient H2B-GFP expression in vivo, Dox (Sigma) was added to the drinking 
water (1 mg ml’ supplemented with 5% sucrose) of aged or adult TetO-H2B- 
GFP mice for six weeks. Some mice were immediately killed whereas others were 
given normal drinking water to allow chase of H2B-GFP label before isolation of 
satellite cells. 

In vivo pharmacological inhibition. Prolonged pharmacological inhibition of 
FGE activity in vivo was conducted as previously described™. Initially, anion 
exchange resin beads (AG1x2, 200-400, CL, CAT# 1401251, BioRad) were recon- 
stituted at a beads/PBS ratio of 1:2. Half of the PBS—bead mixture was pelleted at 
2,400g for 5 mins. Pellets were then incubated with 500 uM SU5402 (Calbiochem) 
or an equivalent volume of vehicle (DMSO) for 60 min on a nutator at room 
temperature (25 °C). Loaded pellets were washed in PBS and reconstituted into 
50% w/v PBS before intraperitoneal injection of 300 ll into aged and adult mice 
using a 25G5/8 1-ml insulin syringe (BD Biosciences). After injection, mice were 
fed BrdU continuously for six weeks before isolation of satellite cells. Satellite cells 
were subsequently plated and processed for BrdU immunostaining via sodium 
citrate antigen retrieval’. For quantification, 300-600 cells were counted per 
condition. 

Satellite cell transplantation. Aged and adult TetO-H2B-GFP mice were fed 
Dox (1mg ml *, 5% sucrose) in drinking water continuously for six weeks to label 
satellite cells. After Dox feeding, 2,000 satellite cells were FACS purified and 
reconstituted in 501 PBS loaded using a sterile filtered pipette into 0.3-ml, 
8-mm, 31-g, 30-unit ultrafine needles (BD Biosciences) for direct intramuscular 
delivery into host C57BL/6 tibialis anterior muscle that had been injured 1.5-days 
before with 1.2% BaCl, (Sigma). Host C57BL/6 mice after transplant were re-fed 
Dox (Imgml™! in 5% sucrose in drinking water) to maintain H2B-GFP label 
during the 30-day regeneration period after transplant. Subsequently, mice were 
killed and transplanted tibialis anterior muscles were dissected, fixed in ice-cold 
4% PFA for 2 hand incubated overnight in 30% sucrose solution. From a subset of 
animals, muscles were teased apart into smaller pieces, visualized in whole mount 
and imaged with an inverted Nikon TS100 microscope with a <4 Plan Fluor 
objective. For immunohistological analysis, 10-1m-thick transverse sections were 
obtained for every 200-t1m region. Sections were then processed with primary 
antibodies against Pax7 and laminin followed by incubation with goat anti-mouse 
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546, goat anti-chicken 647 and DAPI. Counts of H2B-GFP* myonuclei and Pax7 
cells were obtained from six consecutive 10-,1m sections per transplant taken over 
three regions. Obtained numbers were then averaged and compared between 
groups (see statistics). Three transplants were performed for each condition. 
All images were taken and processed with a Nikon Eclipse and Adobe 
Photoshop CS software. 

PME. Initially, forelimb and hindlimb muscles were cut into smaller longitudinal 
pieces and digested into single or smaller groups of muscle fibres (0.2% collagenase, 
DMEM) in a horizontal shaking water bath at 37°C for 90 min (ref. 6). Isolated 
single muscle fibres were gentle triturated and repeatedly washed in PBS (6) to 
ensure removal of interstitial cells or other contaminating debris. Purified single 
fibres were then incubated in a high-salt extraction buffer (400 mM NaCl, 1 mM 
EGTA, 1mM EDTA, 10mM Tris, pH 7.5, lmg ml! PMSF) to dissociate any 
ligands bound to receptors or the extensive basal lamina network of skeletal muscle 
fibres*’. Dissected muscles in extraction buffer were further triturated with a glass 
Pasteur pipette to dissociate bound ligands. 

The muscle fibre mixture was centrifuged at 2,500g for 10 min to remove 
cytoskeletal and nuclear elements that compromise the majority of skeletal 
muscle fibre cytosol. The resultant supernatant was collected and spun at 375g 
for 5 min. Supernatant was then collected and transferred into Eppendorf tubes 
and spun at 16,500g for 30min at 4°C. The supernatant was pooled and 
subsequently drawn up into a 20-gauge syringe and filtered through a 0.45-1um 
filter into Amicon Ultra centrifugal filter columns (10,000 relative molecular 
mass cut-off; UFC901008, Millipore). Exchanges with PBS were done at 2,050g 
for 20 min until the solution was translucent and concentrated into a volume of 
approximately 1 ml PBS. Protein concentration and purity was determined with a 
nanodrop analyser. 

To assess cycling-inducing activity, cultures of RSCs and satellite cells in basal 
medium (3% HS for RSCs and 5% HS for satellite cells in DMEM) were incubated 
with 10 pg total PME for 24h. For inhibition of FGF activity, RSCs and satellite 
cells were incubated with 10 1M SU5402 or DMSO before incubation with PME. 
For Fgf2 neutralization, niche extracts were incubated with 15ng jl’ Fef2bl 
(Millipore) for 1h before being added to RSC or satellite cell cultures. Unless 
otherwise stated, three to five experiments were performed in triplicate and 
300-600 RSCs or satellite cells were counted. PMEs were obtained from n = 5 
different aged and adult mice and examined. 

Single muscle fibre and myogenic cell preparation. Single muscle fibres and 
satellite cells were isolated as described elsewhere**. To generate RSC cultures**®, 
low-passage primary myoblasts were plated in 1/500 ECM-coated eight-well 
Permanox chamber slides (Lab-Tek) at 80-90% confluency and maintained in 
growth medium (20% FBS, 5 ng ml! FGE2 in Ham’s F-10). Subsequently, cells 
were switched to differentiation medium (3% HS in DMEM) for two days to allow 
the formation of myotubes and satellite-cell-like RSCs expressing Pax7 that had 
escaped differentiation and returned to a quiescent state*’. RSC cultures were then 
treated with appropriate PMEs (described above) for 24 h. For adenovirus experi- 
ments (see below), cells were infected after formation of myotubes and RSCs and 
allowed to recover for 24h before treatment with extracts. 

Activation of Cre recombinase. Cultures of RSCs were infected with either 
Ad5CMVCre-eGFP or AdS5CMV-eGFP-control adenovirus (Gene Transfer 
Vector Core, University of Iowa) for 1.5h at 37°C. Cells were washed in PBS 
and incubated in fresh differentiation medium for an additional 48 h. Aged and 
adult mice were given intraperitoneal injections of Tmx’. 
Fluorescence-activated cell sorting. To obtain highly purified myogenic cells, 
mononucleated cells were isolated from uninjured and regenerating muscle as 
described previously®, with modifications. Cells were incubated in sorting 
medium (10% HS, in Ham’s F-10) for 10min and then incubated in biotin- 
conjugated anti-VCAM1 (Novus) and anti-mouse integrin-«.7 (MBL) for 
30 min. Cells were washed in sorting medium and spun at 375g for 5 min. Cells 
were stained in CD31-PE (BD Biosciences), CD45-PE (BD Biosciences), Pacific 
Blue (Invitrogen) and streptavidin-647 (Invitrogen) for 30 min. Myogenic cells 
had the following profile: VCAMI"*, integrin-v7*,CD31,CD45_,PI-. Cells 
were sorted with FACS Aria (BD Biosciences). 

Histology and immunofluorescence. Cultures of RSCs, satellite cells and tibialis 
anterior tissue sections were fixed in 4% PFA for 5 min, washed and processed for 
immunohistochemistry as previously described®. For detection of Fgf2 in trans- 
verse orientation, sections were not fixed. For longitudinal sections, samples were 
processed for primary Fegf2 antibody before fixation. For BrdU detection, cultures 
of satellite cells, RSCs and tissue sections were fixed in 4% PFA, washed in PBS 
and then antigen-retrieved with sodium citrate buffer (10 mM, 0.05% Tween in 
PBS) at 95 °C for 30 min before immunostaining as previously described”. 
Reagents and antibodies. The antibodies used are as follows: rat anti-BrdU 
(1/500, Abcam), rabbit anti-Ki67 (1/500, Abcam), mouse anti-Pax7 (1/100, 
DSHB), rabbit anti-myogenin (1/250, Santa Cruz), cleaved caspase-3 (1/500, 
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Cell Signaling Technologies), chick anti-laminin (1/5,000, Abcam), VCAM 
(1/100), mouse anti-integrin-07 (1/200, MBL), CD31-PE and CD45-PE (1/200, 
BD), and rabbit anti-Fgf2 (1/500, Abcam). The corresponding species-specific 
Alexa-conjugated (Pacific Blue, 488, 546, 647) secondary antibodies (Molecular 
Probes) were used at 1/1,500 for immunohistochemistry and 1/200 for FACS. 
Tamoxifen was from Sigma. SU5402 was used as an FGEFR inhibitor for in vitro 
(10 uM diluted in DMSO) and in vivo studies (Calbiochem). Basic Fgf2 was from 
R&D Systems. Fgf2bl was from Millipore. 

Muscle injury. Injury to whole tibialis anterior/EDL muscle was made by injec- 
tion of BaCl, (50 ml, 1.2%) into 30 sites in the lower limb. This produced an 
extensive injury resulting in homogenous damage and activation of satellite cells®. 
After regeneration, the size of regenerating muscle fibres (denoted by central 
nucleation) and non-regenerating fibres from uninjured muscle were quantified. 
Briefly, muscle cross-sections were quantified through a X10 objective at three 
regions in the mid-belly of each muscle. Images were collected and average 
muscle fibre size was determined using Nikon Elements software as described 
previously®. 

Analysis of satellite cells and their progeny. Muscles sections were stained with a 
cocktail of antibodies to determine the number of Pax7” satellite cells that were 
quiescent (Pax7*, Ki67~) or cycling (Pax7*, Ki67*) underneath the basal lamina 
(laminin* ). The total number of Pax7~ cells was quantified in a minimum of ten 
serial sections per muscle in three separate regions from the mid-belly of the 
muscle’, The number of Pax7* cells was quantified on freshly isolated single EDL 
muscle fibres. A minimum of 20-30 muscle fibres were counted per animal’. 
Cultures of RSCs and satellite cells in eight-well Permanox chamber slides 
(Nunc) were stained with a panel of antibodies to characterize myogenic cells 
with renewal potential (Pax7*), cycling (Pax7*, Ki67*) apoptosis (activated 
caspase-3*) and differentiation (myogenin*) (ref. 6). For fate analysis, quan- 
tification of three to five experiments was performed in triplicate and 300-600 
cells were counted per condition. To assess cell growth, satellite cells were plated 
at clonal density (10-12 cells per well, Nunc eight-well Permanox chamber slides) 
and the number of cells present in each individual well was determined after four 
days in culture (10% HS, DMEM). For cell growth experiments, 21-28 clonal 
density cultures were examined per condition. Wells with no cells present after 
four days of culture were not included in quantification. For LRCs and non-LRCs, 
19 out of 21 and, respectively, 21 out of 28 wells had cells present after four days of 
culture. 

RNA isolation and RT-qPCR. RNA extraction from approximately 10,000 
FACS-sorted satellite cells and 50 single muscle fibres was done with Trizol 
(Invitrogen) according to the manufacturer’s suggested modifications, by the 
addition of ultrapure glycogen (Invitrogen), and prepared for RT-qPCR analysis 
or array analysis. First-strand complementary DNA was synthesized from 


4 ul (200ng) of RNA using the SuperScript First-Strand cDNA Synthesis Kit 
(Invitrogen). RT-qPCR was performed ona Step One Plus Real Time PCR machine 
(Applied Biosystems), with Platinum SYBR Green qPCR SuperMix-UDG and ROX 
master mix (Invitrogen) using primers against Pax7, Myf5, MyoD, Spry1, Spry2, 
Spry4, p27, Fefl, Fef2, Fef6, Fefr1, Fgfr4 and Gapdh (all primers are available on 
request). All reactions for RT-qPCR were performed using the following thermal 
cycler conditions: 50 °C for 2 min, 95 °C for 2 min, 40 cycles of a two-step reaction, 
denaturation at 95 °C for 15s, annealing at 60 °C for 30 s. Analysis of FGF ligands 
was conducted with the mouse growth factor RT”Profiler PCR array system 
(SABiosciences) according to the manufacturer’s recommendations, with the 
exception that RNA was extracted by the Trizol method. Unless otherwise stated, 
data are from three separate reactions performed in triplicate from m = 4-6 mice 
per condition. 

Whole-mount in situ hybridization. Single muscle fibres were isolated and 
processed for in situ hybridization. Purified single muscle fibres were fixed in 
4% PFA, washed in methanol and rehydrated in a methanol/PBST (PBS, 0.5% 
Tween) series. For pre-hybridization, muscle fibres were rinsed in PBST and then 
incubated with hybridization mix (50% formamide, 5% SSC, 0.5% Tween) for 4h 
at 70°C. After pre-hybridization, muscle fibres were incubated with sense or 
anti-sense probes for Fgf2 in hybridization solution overnight at 70 °C. The probe 
was removed with a formamide/SSCT series. Single muscle fibres were washed in 
blocking solution (10% BSA, 2% FCS and MABT, Roche). For probe detection, 
muscle fibres were incubated with anti-DIG (Roche) 1/10,000 in blocking solu- 
tion overnight at 4 °C. The following day, muscle fibres were washed with block- 
ing solution and processed for DIG detection, fixed and mounted. In some cases, 
after fixation and before mounting, muscle fibres were further processed for Pax7 
immunostaining as described elsewhere’. 

Statistics. Unless otherwise stated, all are data represented as mean + s.e.m.; 
*P<0.05, t-test. For multiple comparisons, analysis of variance with 
Bonferroni’s multiple-comparison post hoc test was used. 
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Crystal structure of a bacterial homologue 
of glucose transporters GLUT1-4 


Linfeng Sun!*3*, Xin Zeng*3*, Chuangye Yan'?, Xiuyun Sun’, Xingi Gong'*, Yu Rao* & Nieng Yan? 


Glucose transporters are essential for metabolism of glucose in cells of diverse organisms from microbes to humans, 
exemplified by the disease-related human proteins GLUTI, 2, 3 and 4. Despite rigorous efforts, the structural information 
for GLUT1-4 or their homologues remains largely unknown. Here we report three related crystal structures of XylE, an 
Escherichia coli homologue of GLUT1-4, in complex with p-xylose, D-glucose and 6-bromo-6-deoxy-D-glucose, at 
resolutions of 2.8, 2.9 and 2.6 A, respectively. The structure consists of a typical major facilitator superfamily fold of 12 
transmembrane segments and a unique intracellular four-helix domain. XylE was captured in an outward-facing, partly 
occluded conformation. Most of the important amino acids responsible for recognition of D-xylose or D-glucose are invariant 
in GLUTI1-4, suggesting functional and mechanistic conservations. Structure-based modelling of GLUT1—4 allows mapping 
and interpretation of disease-related mutations. The structural and biochemical information reported here constitutes an 
important framework for mechanistic understanding of glucose transporters and sugar porters in general. 


Glucose is an essential fuel for most living organisms on Earth. Uptake 
of glucose into mammalian cells is mediated mainly by members of the 
GLUT (or SLC2A for solute carrier 2A) and SGLT families of trans- 
porters'*. GLUTs, which are major facilitator superfamily (MFS)-type 
passive transporters, catalyse the facilitative diffusion of glucose and 
other hexoses across the plasma membrane. By contrast, SGLTs are 
LeuT-type, Na‘ -dependent secondary active symporters*, 

Among the 14 human GLUT family members, GLUT1-4 have been 
rigorously investigated because of their fundamental roles in a multitude 
of physiological and pathophysiological processes**. GLUT1, the first 
glucose transporter cloned’, is responsible for glucose uptake into 
erythrocytes and the transport across blood-brain barrier. Mutations 
of GLUT1 may lead to GLUT 1 deficiency syndrome (also known as De 
Vivo disease), manifested by a broad spectrum of clinical phenotypes 
including infantile-onset seizure’. GLUT2 is highly expressed in 
pancreatic B-cell, intestine, kidney and liver, and is associated with 
the Fanconi-Bickel syndrome'™"’. GLUT3 is the main neuronal glu- 
cose transporter’’. The expression levels of GLUT1 and GLUT3 are 
enhanced in some carcinoma cell lines for increased glucose supply in 
cancer cells (the Warburg effect)'*""*. GLUT4 is the main glucose 
transporter in muscles and adipocytes. Unlike other GLUTs, the cellu- 
lar localization of GLUT4 is regulated by insulin through a complex 
mechanism whose aberration contributes to obesity and type 2 dia- 
betes mellitus'*"””. 

GLUT1-4 belong to the sugar porter (SP) family (TCDB transporter 
classification 2.A.1.1)'*, which represents a large and ubiquitous MFS 
subfamily consisting of members derived from bacteria, archaea, cyano- 
bacteria, fungi, protozoa, plants and animals (Supplementary Figs 1 
and 2)'’. SP subfamily proteins, such as the hexose transporters in 
yeasts”’ and the sucrose transporters in plants”’”’, have been subject to 
extensive characterizations for their essential roles in hexose and dis- 
accharide metabolism. GLUT transporters and their homologues have 
been the targets of rigorous, albeit unsuccessful, structural investigations. 
Sequence analysis and biochemical characterizations have helped in 
deducing the boundaries of the transmembrane segments (TMs) for 


GLUTs°*”. The structures of several MFS members have been 
reported***. Nevertheless, the lack of sequence similarity between 
these MFS proteins and GLUT family members has made it a daunting 
task to generate accurate structure-based models of GLUT1-4. 

To elucidate the structure and molecular mechanism of GLUT 1-4, 
we launched a systematic effort to screen for well-behaved GLUT1-4 
protein variants as well as their homologues. Among the tested proteins, 
the E.coli D-xylose:H* symporter XylE?°*? showed excellent solu- 
tion behaviour. XylE, an archetypal member of the SP subfamily’””’, 
shares sequence identities of 29%, 30%, 29% and 27%, and similarities 
of 49%, 51%, 48% and 47%, with GLUT1, GLUT2, GLUT3 and 
GLUT4, respectively (Supplementary Fig. 1). Here we report the crystal 
structures of XylE bound separately to three different ligands: D-xylose, 
D-glucose and 6-bromo-6-deoxy-D-glucose (6-BrGlc). We also per- 
formed an extensive, structure-guided, in vivo and in vitro functional 
analysis of XylE. These studies reveal significant insights into the struc- 
ture and function of XylE and its human homologues GLUT1-4. 


Structure of D-xylose-bound XylE 

The purified, recombinant XylE binds to D-xylose with a dissociation 
constant (Ka) of about 0.35 +0.03mM (mean + s.d.) as measured 
by isothermal titration calorimetry, and transports D-xylose in a pH- 
dependent manner with a K,, of 0.47 + 0.05 mM at pH 6.5 as measured 
by proteoliposome-based counterflow assay (Supplementary Fig. 3). 
The addition of ligand proved essential for the successful generation 
of well-diffracting XylE crystals. The structure of XylE bound to p-xylose 
was determined and refined to 2.8 A resolution (Fig. 1, Supplementary 
Fig. 4 and Supplementary Table 1). 

XylE contains a typical MFS fold of 12 TMs, with amino and carboxy 
termini both located on the intracellular side (Fig. 1). The 12 TMs are 
organized into two distinct domains—the N and C domains—which 
can be superimposed with a root mean square deviation of 3.11 A over 
153 Ca atoms (Supplementary Fig. 5a). TM7 and TM10 are both 
discontinuous helices (Supplementary Fig. 5b), which may facilitate 
conformational changes during substrate transport™. 
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Figure 1 | The structure of XylE bound to D-xylose has an outward-facing, 
partly occluded conformation. Left: the overall structure of XylE bound to 
p-xylose. Three perpendicular views are shown. The corresponding TM 
segments in the four 3-helix bundles, which constitute the typical MFS 
structural fold, are coloured the same. D-Xylose is shown in space-filling model. 
The extracellular and intracellular helices are coloured sea-blue and orange, 


The overall structure of XylE has an outward-facing conformation. 
The ligand D-xylose is trapped within the centre of the transmem- 
brane domain, completely occluded from the intracellular side yet 
solvent-accessible from the extracellular side through a channel, 
which is too narrow to allow the escape of D-xylose (Fig. 1 and 
Supplementary Fig. 5c). The structure of XylE was therefore captured 
in a ligand-bound, outward-facing, partly occluded conformation, 
which may represent an important expansion to the collection of 
MEFS conformations. 

Unlike other MFS transporters of known structure**, XylE contains 
an intracellular domain that comprises four helices, three connecting 
the N and C domains, and one at the C-terminal end (Fig. 1 and 
Supplementary Fig. 1b). The intracellular helices interact with the 
cytosolic portion of the TMs through extensive polar interactions 
(Supplementary Fig. 6). The residues that constitute the intracellular 
helices are highly conserved in GLUT 1-4. In particular, most of the 
residues that mediate the inter-domain interactions are invariant in 
XylE and GLUT1-4 (Supplementary Figs 1b and 6). On the basis of 
this analysis, we predict that a similar cytoplasmic domain is likely to 
exist in GLUT1-4 and may interact with the TMs of GLUT1-4, as 
observed in XylE. 


Coordination of D-xylose 


One molecule of D-xylose is bound between the N and C domains, 
closer to the latter (Supplementary Fig. 7a). D-Xylose is coordinated 
by both polar and aromatic residues mainly from the C domain 
(Fig. 2a, b). Unlike other proton symporters**”””*, no charged residue 
is observed in ligand binding in XylE. The hydroxyl groups of 
D-xylose are specifically recognized, through a total of eight hydrogen 
bonds, by polar residues including Gln 168 on TM5, Gln 288/Gln 289/ 
Asn 294 on TM7, Trp 392 on TM10, and Gln 415 on TM11 (Fig. 2b 
and Supplementary Fig. 7b). Tyr 298 and Gln 415 also contribute to 
substrate binding through water-mediated hydrogen bonds 
(Supplementary Fig. 7c). 

Several aromatic residues, including Phe 24 on TM1, Tyr 298 on 
TM7, Trp 392 on TM10, and Trp416 on TM11, are located in 
the vicinity of D-xylose (Fig. 2b). The presence of aromatic residues 
surrounding the substrate is commonly observed in membrane trans- 
porters*’°*°, Among these aromatic residues, Tyr 298 constitutes 
the constriction that may prevent the escape of D-xylose to the extra- 
cellular side (Figs 1 and 2a, b). Except for Phe 24 and Gln 168, all other 
ligand-binding residues are from the C domain. In particular, the 
kinked TM7 is important in substrate coordination by contributing 
three polar residues, namely Gln 288, Gln 289 and Asn 294, and one 
aromatic residue, Tyr 298 (Fig. 2b). 
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respectively. Right: D-xylose resides in the centre of the structure, occluded 
from intracellular side and solvent-accessible from the extracellular side. A cut- 
open view of the surface electrostatic potential is shown here. The surface 
electrostatic potential was calculated with PyMol*®. All structure figures were 
prepared with PyMol. 


To examine the role of these residues in D-xylose transport, we gen- 
erated several XylE variants, each containing replacement of a specific 
ligand-binding residue by Ala (Fig. 2c), and examined their transport 
activities using both a cell-based uptake assay and a proteoliposome- 
based counterflow experiment. Missense mutation of any of the eight 
amino acids Gln 168, Gln 288, Gln 289, Asn 294, Tyr 298, Trp 392, 
Gln 415 and Trp 416 led to nearly complete abrogation of the transport 
activity in both assays. Mutation of Phe 24 also resulted in significant 
impairment of the transport activity. By contrast, mutation of Asn 325, 
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Figure 2 | Recognition of D-xylose by XylE. a, D-Xylose is coordinated mainly 
by residues from the C domain. The surrounding polar and aromatic residues 
are shown in magenta and orange sticks, respectively. D-Xylose is shown in 
black ball-and-sticks. b, D-Xylose is coordinated by both polar and aromatic 
residues. The residues that are invariant in XylE and GLUT1-4 are coloured 
magenta. c, Examination of the role of the ligand-binding residues in the 
transport of D-xylose in both cell-based uptake (blue bars) and proteoliposome- 
based counterflow (green bars) assays. Mutations of the invariant residues are 
labelled in magenta. The transport activities of XylE variants are normalized 
against those of the WT protein. Control refers to the uptake by xylE-deficient 
E. coli cells transformed with empty vector in the whole-cell assay, or liposome 
without protein in the counterflow assay. Error bars represent s.d. 
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which is not directly involved in ligand binding, showed slightly 
increased activity in the cell-based uptake and retained nearly full 
activity in the counterflow assay. The biochemical analysis is fully 
consistent with the structural observations. 


Specificity of substrate recognition by XylE 


D-Xylose is specifically recognized by residues in XylE through hydro- 
gen bonds. Except for Gln 415, all other residues involved in D-xylose 
recognition are completely invariant in GLUT1-4 (Supplementary 
Fig. 1b). This analysis suggests that D-glucose, and perhaps other 
pentoses and hexoses, might be recognized by XylE. We investigated 
the ability of six distinct sugar molecules to compete with D-xylose for 
transport by XylE in counterflow experiments (Fig. 3a and Supplemen- 
tary Fig. 8a). Although five of the sugars had little effect on the trans- 
port of D-xylose, D-glucose showed pronounced inhibition, decreasing 
the transport activity by nearly 90% (Fig. 4a), confirming with the 
purified protein the specificity originally deduced for XylE from 
in vivo measurements of xylose:H* symport’®. 

The observed inhibition by D-glucose can be rationalized by the 
similarity between the chemical structures of D-xylose and D-glucose, 
the latter having only one extra 6-hydroxylmethyl group (Supplemen- 
tary Fig. 8a). Furthermore, isothermal titration calorimetry experi- 
ments revealed that D-glucose binds to XylE with a Ky of about 
0.77 + 0.01mM (Supplementary Fig. 8b), similar to that between 
D-xylose and XylE (Supplementary Fig. 3a). Consistent with in vivo 
observations”, D-glucose is not a transport substrate for XylE (Fig. 3a, 
inset), suggesting additional structural elements for the transport 
activity of XylE towards D-xylose but not towards D-glucose. These 
results further indicate that, under physiological conditions, abund- 
ant D-glucose may serve as an inhibitor of the D-xylose transporter— 
perhaps as a method of preserving resources’”*’. 


Coordination of D-glucose by XylE 


Next, we sought to determine the crystal structure of XylE bound to 
D-glucose. Following generally the same protocols as those for the 
XylE-p-xylose complex, we succeeded in crystallizing XylE in the 
presence of 40mM p-glucose. The structure was refined to 2.9A 
resolution (Supplementary Table 1). The overall protein conforma- 
tion remains identical to that of XylE bound to D-xylose. To precisely 
determine the location and orientation of D-glucose in the structure, 
we chemically synthesized a D-glucose derivative, 6-BrGlc, and crys- 
tallized XylE bound to it. The diffraction data were collected at the 
wavelength for Br anomalous signal and the structure was refined at 
2.6 A resolution with excellent quality (Supplementary Table 1). The 
position of the Br atom was unambiguously identified by the strong 
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Figure 3 | Coordination of D-glucose by XyIE. a, Substrate selectivity of XylE, 
as determined by liposome-based competition assay. Of the tested pentoses and 
hexoses, only D-glucose inhibited the transport of D-xylose by XylE, although 
D-glucose could not be transported by XylE (inset). Control, control 
experiment without the addition of sugar competitors; the averaged readout of 
the control experiments is set as 100%. Xyl, D-xylose; Glc, D-glucose; Ctrl, 
control experiment with XylE-free liposomes. b, Coordination of D-glucose by 


ARTICLE 


anomalous signal, which not only allowed the determination of the 
orientation of D-glucose but also confirmed that of D-xylose (Sup- 
plementary Fig. 9). 

As predicted by our biochemical analysis and sequence conser- 
vation, the coordination of D-glucose by XylE is very similar to that 
of D-xylose (Fig. 3b and Supplementary Fig. 10). In comparison with 
D-xylose coordination, Gln 168 seems to have a more prominent 
function in binding to D-glucose, in that it forms three hydrogen 
bonds with D-glucose. An extra hydrogen bond is found between 
the carbonyl oxygen of Gly 388 on TM10 and the 1-hydroxyl group 
of D-glucose. Gln 175, which is not involved in D-xylose binding, is 
hydrogen-bonded to the 6-hydroxyl group of D-glucose. The extra 
hydroxylmethyl group of D-glucose is further coordinated through 
van der Waals contacts by Ile 171 on TM5 and Phe 383 on TM10. 

Except for Gln 175 and Gln 415, all other residues that mediate 
D-glucose recognition are invariant in GLUT 1-4. Thus the structural 
information on XylE provides a molecular framework for under- 
standing the structures and mechanisms of substrate recognition by 
the physiologically important glucose transporters (Fig. 3b and Sup- 
plementary Fig. 1b). 


XylE-based structural model of GLUT1 


The high degree of sequence conservation between XylE and GLUT1- 
4, particularly involving the functionally important residues (Sup- 
plementary Fig. 1), allowed us to build detailed structural models 
for GLUT1-4 with the program JACKAL”. In these models, the 
invariant and conserved amino acids in GLUT1-4 are aligned with 
those in XylE, which underlies functional conservation. We believe that 
these homology-based models of GLUT1-4 more faithfully represent 
reality than those derived from sequence analysis or non-homologous 
LacY-based models. 

The XylE-derived homology model of GLUT1 (Fig. 4a, b) reveals 
several significant findings. First, the new GLUT1 model contains a 
more accurate demarcation of the secondary structural elements. For 
example, the TM boundaries in previous models of GLUT] in text- 
books, represented by that on page 392 in the fifth edition of Lehninger 
Principles of Biochemistry, deviate considerably from our model. Second, 
similarly to XylE, the new GLUT 1 model contains four a-helices on the 
intracellular side (Fig. 4a, b) that were absent from previous models. 
Amino acids in this intracellular domain and their interacting residues 
in the TMs are highly conserved between XylE and GLUT1-4 (Sup- 
plementary Figs 1b and 6). Third, and most importantly, D-glucose 
recognition by GLUT1, as well as by GLUT2-4, should be nearly 
identical to that observed in the structure of D-glucose-bound XylE, 
because the vast majority of the amino acids involved in substrate 


XylE observed in the structure of XylE bound to D-glucose. D-Glucose is shown 
in black ball-and-sticks. Hydrogen bonds are represented by red dashed lines. 
The invariant residues in XylIE and GLUT 1-4 are coloured green. The position 
and orientation of D-glucose were verified by the bromide anomalous signal for 
a glucose derivative, 6-BrGlc, whose complex with XylE was determined at 
2.6 A resolution (Supplementary Fig. 9 and Supplementary Table 1). 
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Figure 4 | Homology-based modelling of GLUT! structure. a, A structural 
model of GLUT] is generated on the basis of XylE structure and sequence 
conservation. Invariant and conserved residues are coloured magenta and dark 
green, respectively. b, Predicted secondary structural elements of GLUT1. Polar 
and aromatic residues predicted to be involved in D-glucose binding are shaded 
red and yellow, respectively. The residues whose mutations were found in 
GLUT1 deficiency syndrome are shaded purple and blue for invariant and 


binding are invariant between XylE and GLUT1-4 (Fig. 3b and 
Supplementary Figs 1b and 10). 

We mapped disease-derived mutations onto the structural model 
of GLUT1 (Fig. 4c) and speculated on the potential impact of these 
mutations on GLUT] transport activity. None of these residues is 
directly involved in glucose binding as observed in the outward- 
facing, partly occluded conformation of XylE (Fig. 4b, c). Among 
the mutated residues, Asn 34, Ser 66, Thr 295 and Thr 310 are located 
on the extracellular side of the putative transport path, suggesting 
potential involvement in substrate transport. Gly 75 and Gly 130 are 
positioned in the middle of TM2 and TM4, respectively; their mutations 
probably lead to a steric clash or impairment of conformational flexibi- 
lity required for transport activity. Arg 126 and His 337 are away from 
the transport path and buried within the N and C domains (Fig. 4c), 
implying a regulatory role for substrate transport. Intriguingly, several 
residues, including Gly 91, Glu 146, Arg 153, Glu 247, Lys 256, Arg 333 
and Arg 468, are clustered on the intracellular side, with some contri- 
buting to the interactions between the intracellular «-helices and the 
TMs (Fig. 4b, c and Supplementary Fig. 6). The fact that the interface 
involving the intracellular «-helices is targeted for disease-causing muta- 
tions suggests functional significance of the intracellular domain. 

Several of the disease-related residues in GLUT1 are invariant in 
XylE. We attempted to examine the effect of some of these mutations 
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variant residues, respectively. c, Mapping of the disease-related residues on the 
structural model of GLUT1. Invariant and variant residues in XylE and 
GLUT1-4 are labelled red and blue, respectively. d, Mutation of Arg 133 or 
Arg 341 in XylE, which correspond to Arg 126 and Arg 333 of GLUT1 
(highlighted in magenta in c), led to abrogation of D-xylose transport in a 
liposome-based counterflow assay. 


on the transport activity of XylE. The XylE variants containing single 
missense mutations G67W (Gly 75 in GLUT1), G137S (Gly 130 in 
GLUT1) and R160L (Arg 153 in GLUT1) failed to yield well-behaved 
recombinant proteins, supporting a structural role for these residues. 
The variants containing Arg 133 (Arg 126 in GLUT1) mutations or 
R341W (R333W in GLUT1) gave rise to well-behaved recombinant 
proteins. These XylE variants, R133C, R133H, R133L and R341W, 
completely lost the transport activity for D-xylose (Fig. 4d), consistent 
with the observations that the corresponding mutations in GLUT] led 
to a significant decrease in substrate transport, which are thought to 
be correlated with clinical disorders*****. 


Functional significance of the SP signature motifs 


The ligand-bound, outward-facing, partly occluded conformation of 
XylE is complementary to the other captured conformations for MFS 
proteins (Fig. 5a). The intramembrane helix domain of XylE is absent 
from the other MFS members of known structures. In particular, XylE 
has several distinct features in comparison with LacY and FucP, the 
other two MEFS sugar:H* symporters. 

XylE lacks charged residues in the vicinity of the substrate-binding 
site (Figs 2b and 3b), whereas Glu/Asp residues essential for both 
substrate binding and proton translocation were identified in both 
LacY*”** and FucP’’. A large number of hydrogen-bond-forming 
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Figure 5 | Functional significance of the 
conserved SP family signature motifs. 

a, Reported MFS structures display distinct 
conformations. XylE contains an intracellular helix 
domain (yellow) that is not seen in the other 
structures. The distinct N and C domains are 
coloured green and blue in all the structures. b, The 
SP family signature motifs (coloured red) are 
located on the intracellular side of XylE. The motifs 
are labelled according to their locations. For 
example, ‘2-3’ refers to the one connecting TMs 2 
and 3. The N domain is coloured pale green, and 
the C domain pale cyan. ¢, Functional 
characterization of the conserved motif residues. 
The motifs where the indicated residues are located 
are indicated at the bottom. The presentation 
scheme is identical to that of Fig. 2c. d, Structural 
analysis of the functionally characterized residues 
that may be involved in proton-coupled active 
transport. 
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residues are distributed on the interface between the TMs and the 
intracellular domain of XylE (Supplementary Fig. 6), but not in LacY 
or FucP. Furthermore, common to SP family members, but largely 
missing in LacY and FucP, conserved signature motifs are found in 
XylE”*’, including D(N)RXGRR between TMs 2 and 3 and TMs 8 
and 9, E------- R between TMs 4 and 5 and TMs 10 and 11, and PESPR 
and PETK at the C termini of TM6 and TM12 (hereafter referred to 
as TM6C and TM12C motifs), respectively (Supplementary Figs 1 
and 2). All of these motifs are positioned on the cytoplasmic side of 
the TMs except a couple of residues in the TM6C motif that are 
located in intracellular helix «1 (Fig. 5b and Supplementary Figs 1 
and 2). Most of these motif residues are charged and polar ones that 
form an intricate hydrogen-bond network, mediating the interactions 
between the TMs and the intracellular domain (Supplementary Figs 1, 
2 and 6). 

To assess the functional importance of these motifs we generated a 
number of XylE variants each containing an Ala substitution of one 
conserved motif residue. Both cell-based uptake and proteoliposome- 
based counterflow experiments were performed for the variants that 
yielded reasonable protein expression and solution behaviours. More 
than half of the single point mutations resulted in completely abrogated 
or seriously impaired activities in both assays, indicating an essential 
role for the SP signature motifs for transport activity (Fig. 5c). A detailed 
analysis of the assay results can be found in Supplementary Discussion. 
Here we focus on three SP motif residues. 

Mutation of Arg 84 or Ser 223 had a limited effect on the transport 
activity of XylE in the counterflow assay, but led to the loss of about 
half of the activity in the active uptake of D-xylose into the cell. Ala 


10-11 12C 


replacement of Arg 225, which is located on intracellular helix «1, 
completely abolished the active transport but retained more than 
30% of the activity in the counterflow assay. The distinct activities 
of these variants between cell uptake and counterflow experiments 
suggested that the three residues may be involved in active transport. 
This speculation seems to be supported by structural observations. 
Arg 84 and Ser 223 both form hydrogen bonds with Glu 153, whereas 
Arg 225 is hydrogen-bonded to Glu472 (Fig. 5d). Protonation and 
deprotonation may affect hydrogen bond formation between these 
residues. Nonetheless, further interpretation is complicated by the fact 
that all three residues are invariant in the proton-gradient-independent 
uniporters GLUT1-4. 

The biochemical characterizations reported here revealed that the 
SP motifs as well as the intracellular helix domain have a critical role 
for the function of XylE. Given that extensive hydrogen bonds are 
formed by these structural elements, some of the residues may con- 
tribute to proton symport. Nevertheless, it remains puzzling that all 
these residues are invariant in GLUT1-4 and XylE (Supplementary 
Fig. 1b), the former being facilitative uniporters and the latter being a 
proton symporter. The molecular determinants for the proton coupling 
in XylE remain to be established. 

Here we have reported three related crystal structures of XylE, a 
bacterial homologue of the human proteins GLUT1-4, in complex 
with D-xylose, D-glucose and 6-BrGlc. The structural information, 
together with the biochemical inspections, provides a valuable frame- 
work for further deciphering the functional mechanisms of the physio- 
logically important glucose transporters GLUT 1-4 and other members 
of the SP family. 
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METHODS SUMMARY 


Full-length, wild-type (WT) XylE from E. coli strain 0157:H7 was overexpressed 
in E. coli BL21(DE3) and purified to homogeneity in the presence of 0.2% (w/v) 
n-nonyl-B-b-glucopyranoside and 0.02% (w/v) n-dodecyl-N,N-dimethylamine- 
N-oxide. The identity and structure of the synthesized 6-BrGlc were confirmed by 
both NMR and high-resolution mass spectrometry analysis. D-Xylose, D-glucose 
and 6-BrGlc were present at 20, 40 and 40 mM, respectively, for the crystallization 
of XylE bound to these ligands. Data sets were collected at Shanghai Synchrotron 
Radiation Facility beamline BL17U and SPring-8 beamline BL41XU. The initial 
phases were derived from mercury-based and platinum-based single-wavelength 
anomalous dispersion using the program ShelxC/D/E”. The binding affinity 
between the ligands and purified recombinant XylE was measured with isothermal 
titration calorimetry. The cell-based uptake assays and proteoliposome-based 
counterflow experiments were performed by following the published protocols”””*. 
The XylE-based homology model of human GLUT] structure was generated with 
the software JACKAL”. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Preparation of the phylogenetic tree. Sequences of 84 members in the SP family 
2.A.1.1, excluding six redundant sequences for the same proteins, in the Transporter 
Classification Database (TCDB)*" were aligned by using ClustalW~. The sequence 
alignment result was presented as phylogenetic tree by using the program PHYLIP™. 
Protein preparation. The cDNA of full-length XylE from E. coli strain 0157:H7 
was subcloned into pET15b (Novagen). Overexpression of XylE was induced in 
E. coli BL21(DE3) by 0.2 mM isopropyl B-p-thiogalactoside (IPTG) when the cell 
density reached a Déoo of 1.5. The E. coli cells were grown in 2-1 flasks with 11 of 
Luria-Bertani medium. For each batch of protein purification, 12 flasks were 
incubated in shakers (New Brunswick Scientific) at 300 r.p.m. After growth for 
4h at 37 °C, the cells were harvested, homogenized in buffer containing 25 mM 
Tris-HCl pH 8.0 and 150 mM NaCl, and disrupted with a French press with two 
passes at 10,000-15,000 Ib in *. Cell debris was removed by low-speed centrifu- 
gation for 10 min. The supernatant was collected and ultracentrifuged at 150,000g 
for 1h. The membrane fraction was harvested and incubated for 1h with 1.5% 
(w/v) dodecyl-f-p-maltopyranoside (DDM; Anatrace) at 4°C. After another 
ultracentrifugation step at 150,000g for 30 min, the supernatant was collected 
and loaded onto Ni’*-nitrilotriacetate affinity resin (Ni-NTA; Qiagen) and 
rinsed with buffer containing 25mM Tris-HCl pH 8.0, 150 mM NaCl, 20 mM 
imidazole and 0.02% DDM. The protein was eluted from the affinity resin with 
buffer containing 25 mM Tris-HCl pH 8.0, 150 mM NaCl, 250 mM imidazole and 
0.02% DDM. After removal of the hexahistidine tag, the protein was concentrated 
to about 10 mg ml ' before further purification by gel filtration (Superdex-200; 
GE Healthcare) in buffer containing 25 mM Tris-HCl pH 8.0, 150 mM NaCl and 
various detergents, with or without the targeted ligands. The peak fractions were 
collected and flash-frozen in liquid nitrogen. 

All the XylE mutants were generated with a standard PCR-based strategy and 
were subcloned, overexpressed and purified in the same way as the wild-type protein. 
Synthesis of 6-BrGlc. D-Glucose (20.0 g, 0.111 mol) was placed in a 1,000-ml 
round-bottomed flask, and pyridine (300 ml) was added. Some glucose remained 
undissolved. p-Toluensulphonyl chloride (22.0 g, 0.115 mol) was added at room 
temperature (27 °C). After stirring for 11h, acetic anhydride (80 ml, 0.83 mol) 
was added in one portion. A gentle exothermic reaction took place. After being 
stirred for 1.5h, the mixture was evaporated. Ethanol (200 ml) was added to a 
residual oil. The oil was dissolved and soon a white crystal appeared. After the 
mixture had stood undissolved at — 10 °C for 27h, the crystal was collected on a 
glass filter, washed with cold ethanol (25 ml, twice), and dried under reduced 
pressure. 6-O-(p-Toluenesulphonyl)-1,2,3,4-tetra-O-acetyl-B-p-glucose (com- 
pound 1) was obtained in 33% yield (18.5 g, 36.8 mmol). Compound 1 (1.2, 
4.0 mmol) was placed in a 100-ml round-bottomed flask. Acetone (5 ml) and 
tetra-n-butylammonium bromide (9.0 g, 28.0 mmol) were added. The resulting 
mixture was heated under reflux for 20 h. The reaction proceeded gradually. The 
mixture was poured into 100 ml of water, and the resulting solid was filtered with a 
glass filter. Recrystallization from ethanol afforded 6-bromo-6-deoxy-1,2,3,4- 
tetra-O-acetyl-B-p-glucose (compound 2) in 50% yield (0.82g, 2.0mmol). 
Compound 2 (2,300 mg, 0.73 mmol) was placed in a 50-ml round-bottomed flask. 
Sulphuric acid (0.5M aqueous solution, 12 ml) and acetonitrile (2.4ml) were 
added to the flask, and the mixture was heated at 80°C for 4h. After cooling to 
room temperature, sodium hydrogen carbonate was carefully added in portions to 
the acidic solution. Neutralization was checked with indicator paper, and the 
mixture was then directly evaporated (bath temperature 40 °C). Before complete 
removal of solvent (about 10-20 ml), methanol (10 ml) was added to the flask, 
which led to the growth of a white precipitate. Filtration through Celite, concen- 
tration of the filtrate, and silica gel column purification (dichloromethane:metha- 
nol = 10:1) yielded 6-bromo-6-deoxy-pD-glucose (124 mg, 0.51 mmol; 70%). The 
structure of the final product was confirmed by both NMR and high-resolution 
mass spectrometric analysis. 

Crystallization. Extensive crystallization trials were performed for XylE proteins 
purified in various detergents. Crystals were grown at 18 °C by the hanging-drop 
vapour diffusion method. Several crystal forms of ligand-free XylE were obtained; 
however, none of these crystals diffracted X-rays beyond 10 A at synchrotron 
beamlines. We reasoned that substrate—inhibitor binding might help to stabilize 
protein conformation, thus improving crystal packing”*. The full-length wild-type 
XylE protein (with a final concentration of about 0.1 mM) purified in 0.2% n-nonyl- 
B-p-glucopyranoside (Anatrace), 0.02% n-dodecyl-N,N-dimethylamine-N-oxide 
and 20 mM p-xylose gave rise to crystals in multiple poly(ethylene glycol) (PEG) 
conditions. The crystals tested on a home X-ray source diffracted to about 8-10 A. 
After optimization, XylE crystals appeared overnight in the well buffer containing 
40% (w/v) PEG400, 0.05 M glycine pH 9.6, 0.1 M LiCl, and diffracted to about 2.8 A 
at Spring-8 beamline BL41XU. Heavy-atom derivative crystals were obtained by 
soaking crystals for about 1h in mother liquor containing 1 mgml' K,PtCl, or 
CH3HgCl. Both native and heavy-atom-derived crystals were directly flash-frozen 
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in a cold nitrogen stream at 100K. Crystals were also obtained under similar 
conditions with 40 mM b-glucose or 6-Br-Glc replacing D-xylose, and the best 
diffractions were obtained at about 2.9 and 2.6 A, respectively. 

Data collection and structural determination. All data sets were collected at 
Shanghai Synchrotron Radiation Facility beamline BL17U or SPring8 beamline 
BL41XU and processed with the HKL2000 package”. Further processing was 
performed with programs from the CCP4 suite*’. Data collection and structure 
refinement statistics are summarized in Supplementary Table 1. 

The initial phases of D-xylose-bound XylE were obtained from the Hg-derivative 
crystals by single anomalous diffraction (SAD) using the program ShelxC/D/E”. 
The electron density shows that there is one molecule in each asymmetry unit. 
Then a crude helical model was built manually using the program COOT”. With 
this partial model as input, the identified Hg atom positions were refined and 
phases were recalculated using the PHASER SAD experimental phasing module*. 
Since the c dimension of the unit cell in a Pt-SAD data set (c = 175.2 A) is signifi- 
cantly different from that in the Hg-SAD data (c = 166.6 A) and the native data 
(c= 168.2 A), cross-crystal averaging combined with solvent flattening and 
histogram matching was performed using all three data sets by DMMulti®, which 
gave rise to a significantly improved electron density map. With the improved 
map, the crude model was rebuilt using COOT and refined with PHENIX®. 

The structures of XylE bound to b-glucose and 6-BrGlc were solved by molecu- 
lar replacement, with the D-xylose-bound XylE structure as the search model using 
the program PHASER™. The structure was manually refined with PHENIX and 
COOT iteratively. 

Preparation of liposomes and proteoliposomes. Liposomes were prepared 
using a standard protocol as described previously*’. Proteoliposomes for the 
p-[1-*H]xylose and p-[1°H(N)]glucose (American Radiolabeled Chemicals, 
Inc.) counterflow assay were prepared in a solution containing KPM 6.5 buffer 
(50 mM potassium phosphate, 2mM MgSO, pH 6.5), 20mg ml ' pre-extruded 
phospholipids (E. coli polar lipids; Avanti), 1% n-octyl-B-p-glucoside ($-OG; 
Anatrace), 20 mM p-xylose or D-glucose, and WT or mutant XylE proteins at a 
concentration of 10 jig protein per mg lipid. B-OG was removed by incubation 
overnight with 400mg ml‘ Bio-Beads SM2 (Bio-Rad). After the removal of 
B-OG, the proteoliposomes were frozen and thawed for five cycles. After extru- 
sion through a 400-nm membrane filter, the proteoliposomes were harvested 
by ultracentrifugation at 100,000g for 1h and washed twice with ice-cold 
KPM6.5 buffer to remove the extra sugar. The proteoliposomes were resuspended 
in ice-cold KPM 6.5 buffer to a final concentration of 100mg ml ' immediately 
before the counterflow assay. 

Counterflow assay. All counterflow assays were performed at 25°C. For each 
assay, 2 ul of concentrated proteoliposomes preloaded with 20mM substrates 
were diluted into 100 ul of assay buffer containing 1 jtCi of p-[*H]xylose (specific 
radioactivity 12 Cimmol ') or p-[*H] glucose (specific radioactivity 20 Ci mmol '). 
The final concentration of the external p-[*H]xylose was 0.83 1M. For the sugar 
competition assay, indicated pentoses or hexoses were included at 10 mM in the 
external solution. The uptake of radiolabelled substrates was allowed for 30 s, if not 
otherwise indicated, by rapidly filtering the solution through 0.22-um filters 
(Millipore). After filtration, the filter membranes were washed with 2 ml of ice- 
cold reaction buffer without sugar. The filter was then taken for liquid scintillation 
counting. The time-course experiments showed that the accumulation of D-xylose 
was roughly linear within the first 30 s. Therefore, to determine the K,, and Vinax of 
b-xylose uptake by WT XylE, the initial velocities were measured at 15 s. The sugar 
concentration in the assay buffer was adjusted by non-radiolabelled substrate. 
The data were fitted to the Michaelis-Menten equation, V = (Vimax[D-xylose])/ 
(Km + [D-xylose]), in GraphPad Prism 5.0 Demo. All experiments were repeated at 
least three times. Error bars represent s.d. 

Counterflow assay under variable pH values. XylE-free liposomes or XylE 
inserted proteoliposomes were preloaded with 20mM cold p-xylose in KPM 
buffer (50 mM potassium phosphate, 2mM MgSO,, pH adjusted as indicated). 
At time point zero, concentrated proteoliposomes (2 ll) were diluted into 100 pl 
of KPM buffer (at the same pH as the proteoliposomes were prepared in) contain- 
ing 1 pCi of D-[*H]xylose. The reaction was stopped at the indicated time points 
by rapidly filtering the solution through 0.22-u1m filter membranes (Millipore) 
and washed with 2 ml of ice-cold buffer. The filter was then taken for liquid 
scintillation counting. All experiments were repeated at least three times. Error 
bars represent s.d. 

Cell-based uptake assay. The xylE-deficient E. coli strain Keio Collection JW3991 
used in this assay was purchased from the National BioResource Project (NIG, 
Japan). Wild-type (WT) and XylE variants containing indicated missense 
point mutations were subcloned into pQLINK vector” with a His, tag at the C 
terminus. The membrane expression level of XylE variants was monitored by 
western blots with an antibody against the histidine tag. The amount of XylE 
proteins in the membrane fraction was estimated by comparing the intensity of 
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the proteins in the membrane fraction against a serial dilution of purified XylE with 
known concentrations on the same western blot, a protocol reported previously”. 

The cell-based uptake assay was performed with the following protocol. XylE- 
deficient E. coli cells transformed with plasmids were grown in Luria-Bertani 
medium at 37 °C and induced with 50 1M IPTG for 30 min, when the cell density 
reached a Deo of about 1.5. Cells were then harvested by centrifugation. After 
being washed twice with MK buffer (150 mM KCl, 5mM MES pH6.5), the cells 
were resuspended in the same buffer to a Dgoo of 2.0. Before reaction, cells were 
energized by the addition of glycerol to a final concentration of 20mM. To 
compare the transport activity of the XylE variants, p-[°H]xylose was applied 
at 0.14 tM and each reaction was allowed for 30s. Cells were taken at the indi- 
cated time for filtration through 0.45-t1m cellulose acetate filter (Sartorius). The 
filter membranes were immediately washed with 2 ml of ice-cold MK buffer, 
dried, and taken for liquid scintillation counting. Control experiments were 
performed with cells transformed with an empty vector of pQLINK. All experi- 
ments were repeated at least three times. Error bars represent s.d. All the reactions 
were performed at 25 °C. All the XylE variants were expressed and quantified by 
following the same protocol as for WT XylE. The solution behaviour of the 
purified XylE variants was examined by size-exclusion chromatography, which 
showed similar profiles to that of WT protein. 

Counterflow and cell-based uptake assays were also performed for the XylE 
variants shown in Figs 2c and 5c with an external D-[°H]xylose concentration at 
0.4mM. The results remained almost identical to those seen in Figs 2c and 5c. 
Isothermal titration calorimetry. The binding affinities between ligands and 
XylE variants were measured with an ITC200 microcalorimeter (MicroCal). 
Full-length WT or mutant XylE was extracted and purified through Ni-NTA 
resin in buffer containing 0.02% DDM. The eluate from Ni-NTA was concen- 
trated and directly subjected to size-exclusion chromatography (Superdex-200; 
GE Healthcare) in buffer containing 0.015% DDM, 25mM MES pH6.5 and 
150mM NaCl. The peak fractions were pooled and concentrated to about 
0.1mM for isothermal titration calorimetry titration. The protein was titrated 
by 10 mM ligands dissolved in an identical buffer to that used for size-exclusion 


chromatography at 22°C. The data were fitted using the software Origin 7.0 
(MicroCal). 

Homology modelling of human GLUT1. Sequences of XylE from E. coli strain 
O157:H7 and human GLUT1-4 were first aligned with ClustalW (Fig. 1c)”. 
Using the alignment results and the crystal structure of XylE as input, we built 
the homology models of human GLUT1-4 with the software JACKAL”. 
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Structure of AMP-PNP-bound vitamin 
By. transporter BtuCD-F 


Vladimir M. Korkhov!, Samantha A. Mireku! & Kaspar P. Locher! 


The ATP-binding cassette (ABC) transporter BtuCD mediates the uptake of vitamin B,» across the inner membrane of 
Escherichia coli. Previous structures have shown the conformations of apo states, but the transport mechanism has 
remained unclear. Here we report the 3.5 A crystal structure of the transporter-binding protein complex BtuCD-BtuF 
(BtuCD-F) trapped in an B-y-imidoadenosine 5’-phosphate (AMP-PNP)-bound intermediate state. Although the ABC 
domains (BtuD subunits) form the expected closed sandwich dimer, the membrane-spanning BtuC subunits adopt a new 
conformation, with the central translocation pathway sealed by a previously unrecognized cytoplasmic gate. A fully 
enclosed cavity is thus formed approximately halfway across the membrane. It is large enough to accommodate a vitamin 
By) molecule, and radioligand trapping showed that liposome-reconstituted BtuCD-F indeed contains bound Bj, in the 
presence of AMP-PNP. In combination with engineered disulphide crosslinking and functional assays, our data suggest 
an unexpected peristaltic transport mechanism that is distinct from those observed in other ABC transporters. 


ABC transporters are membrane proteins that carry out a wide range of 
physiological functions by coupling the hydrolysis of cellular ATP to 
the translocation of substrates across biological membranes. They con- 
tain a pair of nucleotide-binding domains (NBDs) that hydrolyse ATP, 
thus controlling the conformation of a single translocation pathway 
formed by two transmembrane domains (TMDs)'*. Whereas the 
NBDs are highly conserved in all domains of life, the architectures of 
the TMDs differ between type I, type II and energy coupling factor 
ABC-type exporters or importers*”. E. coli BtuCD is a type II importer 
that facilitates vitamin B,, uptake®’ and is similar in architecture and 
mechanism to iron-siderophore and haem transporters implicated in 
the virulence of certain Gram-negative pathogens*’. The structure of 
BtuCD has been determined in two distinct states, neither of which 
contained bound ATP. BtuCD by itself has been found to adopt an 
outward-facing conformation”, whereas the apo complex with the 
cognate periplasmic-binding protein BtuF revealed an occluded, 
asymmetric state’. 

To understand the transport reaction, structural information of key 
intermediate states is essential. Although such information is available 
for bacterial ABC exporters'*"* and the type I importer MalFGK, '*"°, 
the mechanism of type II importers such as BtuCD has remained 
enigmatic. Whereas one study demonstrated a strict requirement of 
ATP hydrolysis for in vitro B,, translocation’’, another concluded that 
the binding and hydrolysis of ATP may only be required for the 
dissociation of BtuF and resetting of the system rather than the actual 
transport step’*"’. In addition, the structure of the architecturally 
related Hil470/1 protein was reported in an inward-facing conforma- 
tion without bound nucleotide, indicating distinct conformational 
coupling”®. 


Engineered disulphide locks the ATP-bound state 

We previously attempted to determine the key nucleotide-bound state 
of BtuCD-F by introducing a mutation in the Walker-B motif (E159Q) 
that reduced ATP hydrolysis by more than 1,000-fold'*. However, the 
complex crystallized in a nucleotide-free conformation even in the 
presence of the non-hydrolysable ATP analogue AMP-PNP”. We 
proposed that, in order to trap BtuCD-F in the nucleotide-bound state 


for structural studies, not only were non-covalent interactions pro- 
vided by the nucleotide insufficient, but also residual ATPase activity 
and conformational dynamics were detrimental. To resolve these 
issues, we engineered a covalent disulphide bond between the two 
NBDs. We mutated BtuD to replace N162, a residue located in the 
D-loop motif, with a cysteine residue. This choice was made because 
equivalent residues were found in close contact in all high-resolution 
structures of ATP-bound NBDs reported to date’**?~*, including that 
of the soluble DNA repair-related ABC protein Rad50 (ref. 26). All of 
these structures showed a ‘closed sandwich dimer conformation’ of 
NBDs, with the Cx atoms of opposite D-loop residues invariably 
distanced within 4.6-6.7 A. By contrast, the equivalent atoms are 
separated by 8.7 A in the previously solved structure of apo BtuCD® 
and 9.2 A in that of BtuCD-F". Our BtuCD(N162C) variant indeed 
formed a disulphide bond on oxidation by Cu’*, thus covalently 
crosslinking the two BtuD subunits with quantitative yield, as 
judged by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
(Supplementary Fig. 1). This considerably decreased the ATPase 
rate of BtuCD(N162C)-F and consequently also reduced in vitro 
[°’Co]cyanocobalamin transport (Fig. 1). However, both effects were 
largely reversed on reduction of the disulphide bond using dithiothrei- 
tol (DTT). In addition, although V,,.a, was reduced, neither the Ky; for 
ATP nor the positive cooperativity (sigmoidal shape of the ATPase 
curves) was altered by the disulphide bridge (Fig. 1b). In addition, the 
ATPase activity of BtuCD(N162C)-F was equally as sensitive to the 
non-hydrolysable ATP analogue AMP-PNP as the wild-type protein, 
irrespective of whether the disulphide crosslink was formed (Sup- 
plementary Fig. 2). This strongly indicated that in the disulphide- 
stabilized form, the nucleotide-binding sites were intact and the 
engineered transporter was locked in a conformation that probably 
reflected the ATP-bound state. The functional characterization of 
BtuCD(N162C)-F is summarized in Supplementary Table 1. 

The engineering of disulphide bonds to trap labile conformations for 
structural analysis has previously been applied to various membrane 
proteins’’**. We found that even with the disulphide bridge formed, 
BtuCD(N162C)-F showed a measurable ATPase activity, indicating 
conformational dynamics that could interfere with crystallization. We 
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Figure 1 | Functional characterization of BtuCD(N162C)-F and the 
structure of BtuCD(EQNC)-F. a, ATPase activity of wild-type and mutant 
(indicated as N162C) BtuCD-F in detergent and in the presence or absence of 
the reducing agent DTT. b, Determination of Ky; for ATP (note the positive 
cooperativity). Data are mean + s.d. c, Transport of [°’Co]cyanocobalamin 
into BtuCD-containing proteoliposomes. Data are mean + s.e.m. Curves in 
band care coloured as in a and data statistics are given in Supplementary Table 1. 


therefore combined the N162C mutation with the previously charac- 
terized E159Q mutation in the Walker-B motif. The resulting con- 
struct, BtuCD(EQNC)-F (a complete BtuCD-F complex containing 
BtuD mutations E159Q and N162C), was capable of binding the 
nucleotides ATP and AMP-PNP (Supplementary Fig. 2), but was 
unable to transport substrate despite a very low residual ATP- 
hydrolysis rate (Supplementary Fig. 3). However, this construct 
allowed well-diffracting crystals with bound AMP-PNP to be grown, 
and X-ray data was obtained to 3.5 A resolution. The structure was 
determined by molecular replacement (Supplementary Table 2 and 
Supplementary Figs 1b, 4, 5 and 6). 


Conformation of the AMP-PNP-bound state 


As expected, the BtuCD(EQNC)-F structure showed a closed 
sandwich dimer conformation, with the NBDs (BtuD subunits) 
forming two composite ATP-binding sites at the shared interface 
(Fig. 1d, e). Clear electron density was visible for the disulphide bridge 
that covalently linked the BtuD subunits (Supplementary Fig. 6a). 
Electron density for two bound AMP-PNP molecules was evident, 
and despite the modest resolution, bound Mg*~ ions were also visible 
(Supplementary Fig. 6b). We found that the residues involved in ATP 
hydrolysis, including the ABC signature, Walker-A and Walker-B 
motifs, are arranged as in previously reported ATP-bound NBD 
dimer structures, ruling out the possibility of a disruptive effect of 
the engineered disulphide bond and corroborating the physiological 
relevance of the structure. 

Conformational changes in response to ATP binding and 
hydrolysis are transmitted from the NBDs to the TMDs through 
the ‘coupling helices’, an architecturally conserved motif observed in 
the TMDs of all ABC transporters of known structure*. Compared to 
apo structures of BtuCD” and Hi1470/1 (ref. 20), the distance between 
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d, Ribbon diagram of the BtuCD(EQNC)-F structure, with bound AMP-PNP 
indicated in ball and stick and Mg”” as pink spheres. BtuF is coloured orange, 
BtuC subunits are in marine and light blue and BtuD subunits are in light and 
dark green. e, NBD (BtuD) dimer viewed from the interface with BtuC. Residue 
numbers are indicated, and the engineered, NBD-linking disulphide bond is 
shown as yellow sticks. AMP-PNP and Mg’* are shown as in d. 


the coupling helices of AMP-PNP-bound BtuCD(EQNC)-F is decreased 
by ~7-9 A (Supplementary Fig. 7). Thus the closure of the BtuD subunits 
forces the coupling helices together, in agreement with a previously 
proposed coupling model” derived from observed structures of full 
ABC transporters. However, the concomitant changes in the BtuC 
subunits are unexpected: as the coupling helices move towards the 
centre of the transporter, the transmembrane (TM) gating helices of 
the two BtuC subunits (TM5 and TM5’) are pushed out of the centre 
and into a conformation reminiscent of the inward-facing state 
observed in Hil470/1 (Fig. 2). The loops connecting TM4 and TM5 
have previously been described as the ‘cytoplasmic gate’ (henceforth 
referred to as cytoplasmic gate I) that opens in response to nucleotide 
binding, in agreement with electron paramagnetic resonance (EPR) 
spectroscopic studies*®*'. However, the BtuCD(EQNC)-F structure 
showed that the cytoplasmic loops connecting TM2 and TM3 (residues 
N83-L85) moved into the opening created by the swing-out motion of 
TM4-TM5, thus sealing the translocation pathway shut (Figs 2a, 3a 
and Supplementary Figs 6c and 8c). Given its location, we refer to 
the TM2-TM3 loop as ‘cytoplasmic gate II’. Sequence alignments 
indicate that this newly identified gate may be conserved in type II 
ABC importers; inspection of the Pfam database” showed that N83 
and L85 are the most conserved residues in the TM2-TM3 loop of type 
II ABC importers of the FecCD family, including functionally char- 
acterized transporters of haem and iron siderophores (Fig. 3b). The 
closure of cytoplasmic gate II is reflected by distance changes between 
the Co: atoms of L85, which are ~7-10 A closer in AMP-PNP-bound 
BtuCD(EQNC)-F than in the nucleotide-free structures (Fig. 2). 

We corroborated, using independent biochemical evidence, that 
the orientation and location of transmembrane elements in the 
BtuCD(EQNC)-F structure indeed reflected a native-like nucleotide- 
bound state. We first tested whether the cytoplasmic gate II residues 
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Figure 2 | Rearrangements of cytoplasmic gates and gating helices. a, BtuC 
subunits of BtuCD(EQNC)-F are indicated as light grey ribbons, with coupling 
helices and gating helices TM5, cytoplasmic gate I and cytoplasmic gate II 
regions in light blue and marine. The dashed line indicates the distance between 
the Ca atoms of opposing L85 residues. b-d, Coupling helices, gating helices 
TM5 and loop TM2-TM3 (cytoplasmic gate II) of BtuCD(EQNC)-F are shown 


approach each other even in the absence of an NBD-stabilizing 
disulphide bond. We separately substituted BtuC residues N83 and 
L85 by cysteines in the context of wild-type BtuCD-F and applied 
oxidative crosslinking to the purified transporter mutants to induce 
disulphide-bond formation. Whereas the N83C mutant (distance 
between Co atoms, 8.3 A) was only weakly responsive to the treatment 
(Fig. 3c and Supplementary Fig. 9), a near-complete crosslinking could 
be observed for L85C (Fig. 3d; distance between Cot atoms, 8.1 A) in the 
presence of ATP or AMP-PNP. Notably, a fraction of the L85C mutant 
was able to form a disulphide bond even in the absence of supplied 
nucleotide, indicating conformational flexibility in detergent solution. 
Crosslinked BtuC(L85C)D-F showed a 6.5-fold reduction in ATPase 
activity compared with the reduced form (Fig. 3e), confirming tight 
coupling between cytoplasmic gate II movement and ATP hydrolysis 
in the intact transporter. 

Second, to test whether the observed conformation of the trans- 
membrane helices was relevant, we generated the BtuC double mutant 
L133C/N233C, as the corresponding residues (located in TM4 and 
TMB, respectively) are in close proximity in our BtuCD(EQNC)-F 
structure. We indeed observed a complete disulphide crosslink, but 
only in the presence of ATP (Supplementary Fig. 10). Given that 
Cu** -induced disulphide crosslinking is highly dependent on close 
proximity and proper orientation of the reactive cysteines, these con- 
trol experiments correlate with the nucleotide-induced conforma- 
tional changes of the protein in solution with those observed in our 
BtuCD(EQNC)-F structure. 


By translocation pathway 

The closure of cytoplasmic gate II creates a central cavity at the interface 
of the BtuC subunits (Figs 3a, 4a and Supplementary Fig. 8). The sides 
of the cavity are lined with residues of TM3, TM5 and helix H5a, and its 
volume is sufficient to harbour a B, molecule with only minor steric 
hindrance (Supplementary Fig. 11). However, the cavity interior has no 
similarity to cofactor-binding pockets of B,.-dependent enzymes or to 


ARTICLE 


as in a, and the equivalent elements of apo BtuCD (Protein Data Bank (PDB) 
code 1L7V) (b), apo BtuCD-F (PDB code 2QI9) (c) and Hil470/1 (PDB code 
2NQ2) (d) are shown after superposition with BtuCD(EQNC)-F. Distances 
between the Cx atoms of juxtaposed L85 residues (L91 in Hil470/1) are 
indicated. 


BtuF****, which agrees with the finding that neither BtuCD nor BtuCD- 
F have a measurable affinity for B,. Transport proteins do not strictly 
require high-affinity substrate binding, and we conclude that the 
observed cavity in BtuCD-F has the function of a low-affinity, 
intermediate translocation chamber. In addition to being closed to 
the cytoplasm, the cavity is also sealed from the periplasmically 
attached BtuF by the previously identified ‘periplasmic gate’ 
(Supplementary Fig. 8b). This is in contrast to the ATP-bound state 
of the type I ABC importer MalFGK,, in which a continuous pathway 
to the binding protein exists’. 

Assigning the observed cavity the function of a substrate-translocation 
chamber implies that B,, is trapped in this pocket when BtuCD-F is in 
the ATP-bound state. However, no B,, was found associated with puri- 
fied BtuCD or BtuCD-F in detergent solution’. We proposed that the 
increased dynamics of BtuCD-F in a detergent micelle compared to 
that in a lipid bilayer enabled B,, to escape from the translocation 
pathway. Indeed, EPR spectroscopy indicated a substantial flexibility 
in the gating regions of BtuCD-F while in detergent solution®®*’. We 
therefore reconstituted wild-type BtuCD into liposomes, but instead of 
adding ATP to the liposome lumen as is required for transport assays, 
we entrapped AMP-PNP-Mg**. We then added BtuF-bound 
[°’Co]cyanocobalamin and subsequently collected the liposomes by 
centrifugation. We found radiolabelled B,, specifically bound to BtuCD- 
containing proteoliposomes, but only if these contained enclosed AMP- 
PNP (Fig. 4b). We made the same observation with the oxidized 
BtuCD(N162C) mutant, indicating that the relay between nucleotide 
binding and vitamin B), translocation is intact even when the designed 
NBD crosslink is in place. Furthermore, the combination of mutations in 
BtuCD(EQNC) enabled the transporter to trap [°’Co] cyanocobalamin 
even in the absence of AMP-PNP (Fig. 4b). Compared with wild-type 
protein, the amount of trapped B,, increased twofold on the addition of 
AMP-PNP to BtuCD(EQNC) (Fig. 4b), confirming the cumulative 
effect of the BtuD mutations E159Q and N162C for the stabilization 
of the AMP-PNP-bound state. This is the first experimental trapping of 
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Figure 3 | Structural features of cytoplasmic gate II. a, Slab of ribbon 
diagram of BtuCD(EQNC)-F, coloured as in Fig. 1a. The boxed region shows a 
close-up of cytoplasmic gate II. Relevant residues are in ball and stick and 
labelled, and the conserved N83 and L85 residues are coloured purple. b, Top, 
protein sequence alignment of type II ABC importers with experimentally 
confirmed function. Residues N83 and L85 of E. coli BtuC and equivalent 
residues in other bacterial species are shaded magenta. Bottom, Pfam logo 
image depicts the high degree of conservation of BtuC residues N83 and L85 
within the FecCD protein family. E.c., Escherichia coli; H.i., Haemophilus 
influenzae; P.p. Photobacterium damselae subsp. piscicida; S.t., Salmonella 
enterica serovar Typhimurium; Y.p., Yersinia pestis. Asterisks denote strict 
conservation, and colons and dots denote a high and low degree of similarity, 


a transport substrate in a type II ABC importer, and we conclude that 
ATP binding is indeed essential for loading vitamin Bj, into the trans- 
location cavity in wild-type BtuCD. 


Transport mechanism 


Since the first structures of ABC transporters were determined, vari- 
ous attempts at formulating a unifying transport mechanism have 
been made. On the basis of the alternating access model described 
in ref. 35, we previously proposed a model that linked the ATP-bound 
state of NBDs to outward-facing conformations of TMDs and the 
nucleotide-free state of NBDs to inward-facing conformations of 
TMDs””*. Although this schematic worked well for explaining the 
functions of ABC exporters and type I ABC importers, it failed with 
type II ABC importers. It was speculated that this failure was proof of 
detergent-induced artefacts and that the previous BtuCD structures 
might be physiologically irrelevant or depict uncoupled states’**”. Our 
AMP-PNP-bound BtuCD(EQNC)-F structure, however, suggests 
that this interpretation might be incorrect. Indeed, a mechanism 
can now be formulated for BtuCD-F that accounts for the conserved 
mechanics of NBDs while putting the observed TMD conformations 
in the context of a transport cycle. 
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respectively. c, SDS-PAGE of the disulphide-crosslinking reaction in the 
BtuC(N83C)D-F mutant. Molecular masses are indicated on the left and Btu 
subunits are indicated on the right. C:C denotes the disulphide-crosslinked 
BtuC dimer species. Reaction conditions are indicated in the table above the gel. 
d, Similar to c, but for the BtuC(L85C)D-F mutant. e, ATPase activity of wild- 
type BtuCD-F and mutant BtuC(L85C)D-F. The labels ‘red.’ and ‘ox.’ indicate 
whether the protein was purified and assayed under reducing conditions (4 mM 
B-mercaptoethanol) or after oxidative disulphide crosslinking, respectively. 
ATPase rates (mean + s.e.m.) for wild-type BtuCD-F (n = 2) and the L85C 
mutant (n = 3) were determined as 434 + 55 (BtuCD-F red.), 410 + 39 
(BtuCD-F ox.), 567 + 11 (L85C red.) and 87 + 7 (L85C ox.). 


As illustrated in Fig. 5, the proposed cycle is initiated by the docking 
of B,2-loaded BtuF to the outward-facing conformation of BtuCD 
(State 1)’°. EPR spectroscopic studies indicate that, although BtuCD 
is dynamic in lipid bilayers, the outward-facing conformation is 
probably predominant, even in the presence of ATP*°*'. State 2 
reflects the ATP-bound conformation as visualized by the 
BtuCD(EQNC)-F structure, which is reached after (1) binding of 
two ATP molecules; (2) closure of the NBD sandwich dimer and 
shortening of the distance between the coupling helices; and (3) the 
concomitant rearrangements in the TMD that trap B,, in the trans- 
location cavity. In the BtuCD-F complex, the high-affinity B,, bind- 
ing pocket of free BtuF is distorted and occupied by periplasmic loops 
of BtuC"', abrogating the nanomolar affinity of BtuF for By2. After 
reaching state 2, B,2 can only escape if one of the gates (cytoplasmic or 
periplasmic) opens. Given that ATP hydrolysis invariably proceeds 
and the hydrolysis products are released, the previously closed NBD 
sandwich dimer will open and pull the coupling helices (and cyto- 
plasmic gate II) outward. This will generate an inward-facing con- 
formation, much like the one observed in the Hil470/1 structure, but 
with BtuF still attached to the periplasmic side of the transporter. 
Given that Bj, is in a cavity of very low affinity, such rearrangements 
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are equivalent to a squeezing out of the substrate, as in peristalsis. A 
fully inward-facing conformation has not been observed in BtuCD, 
probably because it is less stable than other conformations. However, 
it can be trapped using disulphide crosslinking (see above). State 4 
corresponds to the apo BtuCD-F complex, which is reached after Bj. 
is ejected into the cytoplasm and cytoplasmic gate I is asymmetrically 
closed. The observed asymmetry is probably functionally irrelevant, 
because structures of BtuCD-F have been determined with BtuF 
attached to the asymmetric BtuC dimer in either orientation’’’”’. 
State 4 is the most stable BtuCD-F complex in vitro, with a Kg of 
~1X 10 '°M measured for the dissociation of BtuF in the absence of 
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Figure 4 | B,, translocation cavity. a, Surface representation of the 
BtuCD(EQNC)-F structure, with front slabs removed for clarity as indicated by 
black lines in centre panel. The observed B,, translocation cavity is indicated by 
red asterisks. b, Specific trapping of [°’Co]cyanocobalamin by reconstituted 
wild-type BtuCD (blue bars, 1 = 5) and mutants BtuCD(N162C) (green bars, 
n= 4), BtuCD(E159Q) (orange bars, n = 3) and BtuCD(EQNC) (red bars, 

n = 3). Grey bars depict a control experiment with empty liposomes (n = 7). 
The bars labelled “+ AMP-PNP’ contained 1 mM AMP-PNP preloaded into the 
liposome lumen. Radiolabelled B,, was delivered to the transporter by BtuF 
(experimental details are provided in Methods). Data are mean + s.e.m. 
Measurements with AMP-PNP-bound BtuCD- and mutant-containing 
proteoliposomes were significantly different from the rest of the conditions 
(including empty liposomes and in the absence of nucleotide). For BtuCDgqnc 
+ AMP-PNP, the measurement was significantly different from equivalent 
measurements for other constructs. ***P < 0.05. N.S., not significant. 


ATP and Bj» (ref. 3). In the presence of (cytoplasmic) ATP and 
(periplasmic) By», the interaction of BtuF and BtuCD was found to 
be weaker, but other physiological factors, such as the electrochemical 
membrane potential, may contribute to the release of BtuF, allowing a 
new transport cycle to be initiated. 

The above mechanism implies that, whereas the binding of ATP is 
coupled to B,, transfer into a transient translocation cavity, hydrolysis 
of ATP is required for the release of the substrate into the cytoplasm. 
During the cycle, the coupling helices of BtuCD move together and 
apart as in other ABC transporters, but with distinct consequences for 
the TMD-provided translocation pathway. The proposed mechanism 
suggests that state 4 may be required to prevent leakage of small 
molecules when the transporter reverts to the starting conformation. 
Despite the large size of the translocation pathway required for B,5, we 
were indeed unable to detect leakage of radiolabelled glycine in 
BtuCD-containing proteoliposomes, even under conditions of Bj, 
transport (not shown). Finally, given that BtuCD has two symmetrical 
ATPase sites, two ATP molecules are required to fully close the NBD 
sandwich dimer. We assume that both bound ATP molecules 
are hydrolysed during a single transport cycle, analogous to the 
stoichiometry observed in the OpuA transporter**. However, given 
the high level of futile basal ATPase activity in our experimental 
system, direct determination of the transport stoichiometry was not 
possible. 

Our study shows that BtuCD has an unprecedented, peristalsis-like 
B,, transport mechanism that probably applies to other type II ABC 
importers, including haem- and siderophore-uptake systems. Although 
the conserved cytoplasmic motor domains produce a power stroke 
that is similar to those of type I importers or ABC exporters, the 
transport mechanism of BtuCD is distinct because its transmembrane 
architecture is different. Given that new TMD folds may be revealed in 
as yet uncharacterized ABC transporter subfamilies, it is probable that 
additional coupling mechanisms will be discovered. 


Figure 5 | Schematic of proposed B,, transport 
4 mechanism. BtuCD and BtuF are depicted as 
cylinder diagrams, with substrates B}, and ATP 
shown as space-filling models and labelled. The 
states are ordered to describe a productive 
translocation cycle. Light blue lines depict the 
conformation of the translocation pathway in the 
distinct states. Three out of the four states (1, 2, 4) 
reflect determined crystal structures: state 1 
represents outward-open apo BtuCD (PDB code 
1L7V), state 2 represents AMP-PNP-bound 
BtuCD(EQNC)-F reported here and state 4 
represents the closed, asymmetric apo BtuCD-F 
complex (PDB codes 2QI9 and 4DBL). State 3 is 
hypothetical and based on the observed structure of 
Hi1470/1 and on biochemical crosslinking data of 
BtuCD-F. PBP, periplasmic binding protein. 
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METHODS SUMMARY 


Protein expression and purification was performed as described previously in ref. 11. 
Wild-type and mutant BtuCD were purified in 0.1% n-dodecyl-N,N-dimethylamine- 
N-oxide (LDAO) and Cu’*-induced disulphide crosslinking was performed 
after addition of BtuF. ATPase activity of BtuCD-F in 0.01% octaethylene glycol 
monododecyl ether (C;2Eg) and in liposomes was determined as described 
previously in ref. 39. Reconstitution of BtuCD and transport assays were 
performed as described previously in refs 17 and 40, with minor modifications. 
The binding of [°’Co]cyanocobalamin to BtuCD-containing proteoliposomes 
was assessed using a centrifugation assay. Proteoliposomes containing wild-type or 
mutant BtuCD were loaded with AMP-PNP by three freeze-thaw cycles and sonica- 
tion. External nucleotide was removed by centrifugation and re-suspension, and thus 
produced proteoliposomes were incubated with BtuF-bound [°’Co]cyanocobalamin 
on ice for 40 min and pelleted by centrifugation. Supernatants were carefully removed 
and the radioactivity trapped in the proteoliposomes determined using a gamma 
counter. Non-specific binding of radiolabelled B,, was determined by using an 
excess of cold B,>. 

For crystallization, BtuCD(EQNC)-F was purified in LDAO and oxidative 
crosslinking was performed using 1mM CuCl). The detergent was exchanged 
for C,2Eg and the crosslinked BtuCD(EQNC)-F complex was concentrated to 
18-25 mg ml’. Crystals were obtained by vapour diffusion in sitting drops using 
a reservoir solution containing 20-30% PEG 400, 100mM N-(2-acetamido)- 
iminodiacetic acid (ADA), pH 6.8, 100mM sodium potassium citrate. X-ray 
data were collected at the XO6SA beamline of the Swiss Light Source using the 
microdiffractometer set-up. Data were processed using Denzo/Scalepack (HKL 
Research). The structure was determined by molecular replacement and model 
building and refinement were performed using Coot*’ and PHENIX”. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Mutagenesis, protein expression and purification. Mutations were introduced 
into the BtuCD expression plasmid" using standard molecular biology techniques. 
Expression and purification were performed as described previously in ref. 11. In 
brief, the transporter and binding protein were produced by isopropyl-B-p- 
thiogalactoside induction in BL21-CodonPlus (DE3)-RIPL cells. Proteins were 
purified using Ni-NTA Superflow resin (Qiagen), following established procedures. 
For BtuCD-F mutants with engineered disulphide-forming cysteine substitutions, 
all procedures before oxidative crosslinking were performed in the presence of 
4mM £-mercaptoethanol. Disulphide formation was performed in the absence 
of reducing agent or added nucleotides, and was initiated by addition of 1mM 
CuCl, at 22°C. Crosslinked BtuCD-F was re-bound to the Ni-NTA resin, the 
detergent was exchanged to octaethylene glycol monododecyl ether (C;2Es) 
and the protein was subjected to size-exclusion chromatography, as detailed 
elsewhere’’. 

Crosslinking. All crosslinking tests were performed using 1mM of CuCl, 
and the incubation time was varied. To assess the efficiency of crosslinking, the 
reactions were quenched by 2 mM N-ethylmaleimide and samples were analysed 
by SDS-PAGE. A shift of the protein band on SDS-PAGE was used as a measure 
of disulphide bond formation. In the case of the BtuC L133C/N233C double 
mutant, the completeness of the crosslinking reaction was additionally tested 
by labelling the remaining free cysteine residues using fluorescein maleimide 
(10 min incubation at 22 °C); similar results were obtained when reactions were 
performed using BtuCD-F samples in n-dodecyl-N,N-dimethylamine-N-oxide 
(LDAO). In-gel fluorescence detection was performed using a Typhoon scanner 
(GE Healthcare). 

ATPase assays. ATP hydrolysis reactions were performed as described previ- 
ously, using a modified molybdate-based colorimetric method”. Protein concen- 
trations in the assays ranged from 0.02 mg ml ' to 1.5mgml '. For assays with 
proteoliposomes, 2 1M BtuF and/or 1mM DTT was added to protein reconsti- 
tuted in liposomes (0.07-0.13 mg ml’ in assay), followed by three freeze-thaw 
cycles and sonication. All reactions were performed in the presence of 1 mM ATP 
(or a range of ATP concentrations for Kos determination) and 5mM MgCh. 
ATPase rates were determined using linear regression. For the determination of 
half-maximal inhibitory nucleotide concentrations for AMP-PNP, ADP and 
ADP-AIF4 , single time points were taken within the linear range of hydrolysis 
reactions and in the presence of increasing nucleotide concentrations, which 
ranged from 100 nM to 3.3 mM. Nonlinear regression and statistical comparisons 
(one-way analysis of variance (ANOVA) followed by Tukey’s test; the test was 
chosen to compare all data sets and to include unequal numbers of samples in the 
compared data sets) were performed using GraphPad Prism 5. 

ATP-agarose binding. Binding of BtuwCD(EQNC)-F was performed as 
described previously for BtuCD-F and BtuCD(E159Q)-F”. In brief, protein in 
10mM Tris buffer, pH 7.5, 500 mM NaCl, 5mM MgCl, and 0.1% LDAO was 
incubated with ATP-agarose beads in the presence or absence of competing 
nucleotide (ATP, AMP-PNP or f,y-methyleneadenosine 5'-triphosphate 
(AMP-PCP)). After 30 min of incubation on ice, the fraction of protein bound 
to ATP-agarose was separated from that remaining in solution, the beads were 
washed once with 1001 ice-cold buffer and samples were analysed using 
SDS-PAGE. 

By, transport assays. For the determination of transport activity of BtuCD (wild 
type and mutants), the proteins were reconstituted into liposomes as described 
previously’, with minor modifications’. Proteoliposomes containing BtuCD 
and a mixture of E. coli polar lipids and 1-a-phosphatidylcholine (3:1 ratio; 
Avanti Polar Lipids) were formed by incubation of the purified protein in 
detergent (LDAO, supplemented with 0.3% Triton X-100) with the lipids, 
followed by detergent removal by Bio-Beads (Biorad) in four steps at 4°C. 
Reconstituted proteoliposomes were stored frozen at —80°C until the day of 
the experiment. For [°’Co]cyanocobalamin (MP Biomedicals) transport assays, 
a procedure established previously was used’. In brief, proteoliposomes were 
loaded with ATP-regeneration system, washed once and incubated with BtuF 
bound to [°’Co]cyanocobalamin for 10min at 22°C. To stop the transport 
reaction and remove any surface-associated radioactivity, the reactions were 
diluted into a cold stop buffer (containing 100 uM unlabelled vitamin B,,) and 
filtered using MultiScreen vacuum manifold (1j1m MSFBN6B filter plate, 
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Millipore). Radioactivity trapped on the filters was determined using a gamma 
counter (Cobra II Auto-Gamma, Packard). Nonlinear regression and statistical 
comparisons (one-way ANOVA and Tukey’s test) were performed using 
GraphPad Prism 5. 

Bi. binding assays. Binding of [°’Co]cyanocobalamin (10.5 uCi, MP 
Biomedicals) to BtuCD in proteoliposomes was assessed using centrifugation 
assays. In brief, proteoliposomes containing wild-type BtuCD or the mutants 
(BtuCD(E159Q), BtuCD(N162C) or BtuCD(EQNC) were preloaded with 
AMP-PNP by three freeze-thaw cycles and sonication. The nucleotide outside 
the liposomes was removed by centrifugation with an airfuge at 180,000g for 
20 min. Binding reactions were performed on ice in a final volume of 240 ul. 
After 40 min incubation with BtuF prebound to 50 nM [°’Co]cyanocobalamin 
(0.6nM radioactive cyanocobalamin; specific activity was adjusted using 
unlabelled cyanocobalamin), proteoliposomes (1.2 4M BtuCD, wild type or 
mutant) were spun down in a cooling bench-top centrifuge at 169,000g for 
40min at 4°C. Supernatants were carefully removed and the amount of 
radioactivity trapped in the pellets was determined using a gamma counter. 
Excess of non-radioactive vitamin B,, (100M) was used to determine non- 
specific binding. As a consequence of the conditions, chosen in part owing to 
technical limitations (signal to noise ratios), only 2.1% of BtuCD transporters 
could be occupied by radioligand, assuming that 50% of BtuCD molecules were 
oriented right-side-out. Specific binding of [°’Co]cyanocobalamin for wild-type 
BtuCD therefore amounted to ~10% of the transporters, corresponding to 
~0.2% of the total protein. For assays with empty liposomes, the equivalent 
amount of E. coli polar lipids:L-A-phosphatidylcholine (3:1) mixture was used. 
Statistical comparisons were performed with GraphPad Prism 5 (one-way 
ANOVA and Tukey’s test). 

Crystallization. Purified BtuCD(EQNC)-F complex in 10 mM Tris, pH 7.5, 100 
mM NaCl, 0.5 mM EDTA buffer and 0.01% C;,Eg was supplemented with 5 mM 
MgCl, and 2 mM AMP-PNP. Crystallizations were performed at 20 °C by vapour 
diffusion in sitting drops formed by mixing the protein with mother liquor 
(20-30% PEG 400, 100mM _ N-(2-acetamido)-iminodiacetic acid (ADA), 
pH6.8, and 100mM sodium potassium citrate) in a 2:2 or 2:1 ratio. The 
crystalline plates appeared within 1 week and grew to full size within 3-6 weeks; 
the crystals were collected, flash-frozen and stored in liquid nitrogen. 

Data collection and structure determination. X-ray data from cryo-cooled 
BtuCD(EQNC)-F crystals were collected at the XO6SA microfocus beamline 
(Swiss Light Source). Initial complete data sets extended to 4.5A resolution 
and were processed using Denzo and Scalepack (HKL Research). For molecular 
replacement, a hybrid search model was built, which was composed of the 
individual BtuC and BtuD subunits (PDB codes 2QI9 and 4DBL) with BtuF from 
4DBL. The model was generated by aligning the two existing asymmetric 
structures using the BtuF subunits only; the BtuC subunits with the TM4-TM5 
region displaced outward were selected (with corresponding BtuD molecules). 
The resulting hybrid BtuCD-F model resembled an inward-facing state of the 
transporter and was used to obtain preliminary phases from a preliminary 4.5 A 
data set. After rounds of crystal improvement, data collection, processing 
and refinement, a 3.5A resolution data set could be collected from 40 distinct 
wedges of data collected from a single long but thin crystal. The data was 
processed with Denzo and Scalepack (HKL Research) and was slightly 
anisotropic (Supplementary Table 2). Therefore, anisotropic scaling and ellipsoid 
truncation of the data* along the b*-axis was performed. The resulting maps 
showed clear electron density for AMP-PNP and Mg’, allowing for unequivocal 
placement in the structure. Electron density for BtuF was of lower but sufficient 
quality to perform rigid body refinement similarly to the previously reported 
BtuCD-F structure at 2.6 A'". Model building and refinement were performed 
using Coot*! and PHENIX”. Residues lining the enclosed pocket of 
BtuCD(EQNC)-F were analysed using CASTp™*. 
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Hard-X-ray emission lines from the decay of “*Ti in 
the remnant of supernova 1987A 


S. A. Grebenev’, A. A. Lutovinov’, S. S. Tsygankov'?*"* & C. Winkler® 


It is assumed! that the radioactive decay of “*Ti powers the 
infrared, optical and ultraviolet emission of supernova remnants 
after the complete decay of *°Co and *’Co (the isotopes that 
dominated the energy balance during the first three to four years 
after the explosion) until the beginning of active interaction of the 
ejecta with the surrounding matter. Simulations*® show that the 
initial mass of “Ti synthesized in core-collapse supernovae is 
(0.02-2.5) x 107 * solar masses (Mg). Hard X-rays and y-rays from 
the decay of this “*Ti have been unambiguously observed from 
Cassiopeia A only**, leading to the suggestion that values of the 
initial mass of “*Ti near the upper bound of the predictions occur 
only in exceptional cases’. For the remnant of supernova 1987A’°", 
an upper limit to the initial mass of *“*Ti of <10~*Mo has been 
obtained from direct X-ray observations’’, and an estimate of 
(1-2) x 107-*Mo has been made from infrared light curves and 
ultraviolet spectra by complex and model-dependent computa- 
tions'*". Here we report observations of hard X-rays from the 
remnant of supernova 1987A in the narrow band containing two 
direct-escape lines of “*Ti at 67.9 and 78.4 keV. The measured line 
fluxes imply that this decay provided sufficient energy to power the 
remnant at late times. We estimate that the initial mass of **Ti was 
(3.1 + 0.8) X 10° *Mo, which is near the upper bound of theoretical 
predictions. 

The only immediate way to determine the initial mass of “Ti 
(denoted M44) in a supernova remnant is through its emission in the 
direct-escape lines at energies E, = 4.1, 67.9, 78.4, 511 and 1,157 keV. 
This isotope decays according to the chain ““Ti—> “4Sc—> “Ca, with a 
characteristic time of ty, ~ 85.0 + 0.4 yr (ref. 16). Photons in the three 
X-ray lines, namely 4.1, 67.9 and 78.4 keV, are emitted with efficiencies 
(average numbers of photons per decay) W; = 17.4%, 87.7% and 94.7% 
during the first stage of the decay, and photons in the y-ray lines, 
namely 511 and 1,157keV, are produced with W; = 188.8% and 
99.9% during the second very quick (~5.7h) stage. When the ejecta 
becomes transparent to hard-X-ray and y-ray lines (typically at 
t = 20 years), the corresponding fluxes can be estimated as 


Mas W; 
= 2 : t/tas) 
4nd 44mp tas 


j exp( 
where d is the distance to the remnant and m, is the proton mass. 
Measurements®® of the 67.9-, 78.4- and 1,157-keV lines from Cas A 
have yielded the value My4=1.6")'$ x 107 *Mo: tentative detections 
of the 1,157-keV line from the Vela Junior remnant’’ and the 4.1-keV 
line from the G1.9+0.3 remnant'® have been also reported, but they 
are more uncertain. Assuming a value of M4, similar to that in Cas A, 
we can expect the photon fluxes in these lines from supernova remnant 
(SNR) 1987A (d~50kpc) about 23yr after the explosion to be 
about Fog ~ 0.93F 7g ~ 0.48Fes+-73 ~ 0.88F\,157 ~ 0.46Fs11 ~ 3.7 X 10° ° 
photonscm *s~'. We note that this remnant was the first for which 
the X-ray and y-ray emission from the decay of °°Co and *’Co was 
detected’?*". 


The International Gamma-Ray Astrophysics Laboratory 
(INTEGRAL) invested considerable observing time in trying to 
detect these lines from SNR 1987A. The first observation was carried 
out in 2003 soon after the launch of INTEGRAL. A number of import- 
ant results have been obtained, including constraints on the luminosity 
of the stellar remnant’’, but the dedicated exposure (~1.5 Ms) was 
insufficient for the detection of the **Ti lines. The next set of observa- 
tions was carried out in 2010-11 with a total exposure of ~4.5 Ms. 
Figure 1 presents the results of our analysis of all these data. Images 
of the SNR 1987A field obtained with the IBIS/ISGRI hard-X-ray 
telescope on board INTEGRAL are shown in three energy bands, 
48-65, 65-82 and 82-99 keV, which encompass the “477 lines at 67.9 
and 78.4 keV. Two known sources, the black-hole binary LMC X-1 and 
the 50-ms Crab-like pulsar PSR B0540—69, are seen in all images. 
Remarkably, there is an obvious excess at the position of SNR 
1987A, but only in the energy band that includes the 4477 lines. The 
location of the excess coincides within 4’ with that of SNR 1987A—a 
typical uncertainty for moderately bright sources (the angular resolu- 
tion of IBIS is ~12’ full-width at half-maximum (FWHM)). 

The signal-to-noise ratio for this excess, S/N ~ 4.1 (related to the 
flux measured in both lines at once), corresponds to a rather small 
probability of detecting such an excess by chance, Py ~ 2 X 10°. The 
probability of detecting a random excess with the same S/N ratio at an 
arbitrary position in the whole 29° X 29° IBIS field of view is much 
higher (it can be estimated as mPy ~ 0.43 where m ~ (29°/ 12')? = 
2.1 X 10* is the number of uncorrelated spots within the IBIS field of 
view; a ‘spot’ is the area of the sky image that can be occupied by a 
single source). In reality, the probability of detecting the **Ti lines by 
chance is even smaller than Po, because significant excesses were 
simultaneously detected at the position of SNR 1987A in the images 
accumulated in the narrow energy bands 62.7-73.2 and 73.2-83.7 keV. 
Each of these bands contains one of the *““Ti lines and they are nearly 
independent in terms of the energy resolution of IBIS/ISGRI, which is 
8% at ~70 keV (FWHM). The S/N ratios measured for SNR 1987A in 
these images are respectively 3.0 and 3.1, and the corresponding 
chance probabilities are P, = 1.3 X 10-° and P; =9.7 X 10-*. The 
combined probability of detecting the *“*Ti emission by chance is then 
equal to P; X P, ~ 1.3 X 10 ° (~4.70). 

The hard-X-ray spectrum obtained with IBIS/ISGRI from SNR 
1987A is presented in Fig. 2. We fitted it using two lines of Gaussian 
shape with fixed centroid energies, equal widths and self-consistent 
(according to the ““Ti emission efficiencies) normalizations. The 
flux measured in both lines at once, Feg+7g ~ (1.7 + 0.4) X 107° 
photonscm™*s~', corresponds to a value for initial amount of 
synthesized “Ti of May ~ (3.5 £ 0.8) X 10 4M (the uncertainty is 
purely statistical). This estimate can be slightly decreased if we 
assume the presence of some underlying continuum in the SNR 
1987A spectrum—for example, in the form of a power law with a 
photon index of 2.1 (a Crab-like spectrum), which should describe 
the hard-X-ray emission well up to ~80keV (ref. 23). Its possible 
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Figure 1 | Hard-X-ray images indicating the detection of “Ti emission lines 
from SNR 1987A. a-c, Maps of the signal-to-noise ratio (S/N) of the 

1.5° X 1.5° sky region around SNR 1987A accumulated in three energy bands 
with the IBIS/ISGRI telescope on board INTEGRAL during observations in 
2003-2011 (~6.0 Ms of real exposure or ~4.2 Ms of dead-time-corrected 
exposure): 48-65 keV (a); 65-82 keV (b); 82-99 keV (c). The maps were 
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Figure 2 | Hard-X-ray spectra of SNR 1987A measured with IBIS/ISGRI in 
2003-2011. a, The observed (count) spectrum together with the simulated 
response curves; b, the unfolded (photon) spectrum. In each panel, open circles 
show the spectra, dotted curves show the fit with two Gaussian lines at 67.9 and 
78.4 keV of the radioactive decay of “Tiand solid curves showa similar fit which 
includes an additional power-law continuum with photon index « = 2.1. Each 
data point (open circles) represents the result of flux measurement at the 
position of SNR 1987A in the image corresponding to the given energy band. It is 
expected that ““Ti is produced inside the supernova core, which is expanding 
with velocity v44 = 1,700 kms" '. thus, the internal width of the lines (that is, their 
width before smoothing due to the finite energy resolution of the instrument) is 
unlikely to exceed AE ~ 0.4 keV. We kept the width of the line used for fitting 
fixed at 2.8 keV FWHM, which is half of the energy resolution of ISGRI (such a 
choice does not affect flux measurements in the internally narrow lines, thereby 
making it possible to work with the discrete response matrix of ISGRI). Upper 
limits are 1.7¢ (90% confidence); error bars on the other points are lo. 
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65-82 keV 82-99 keV 


reconstructed using standard techniques” with contours given at S/N levels of 
2.7, 3.3, 3.9, 4.5, 5.4 and 6.3. Two well-known sources, PSR B0540-69 and LMC 
X-1, are seen bright in all three images, but SNR 1987A is confidently detected 
only in b, in the band that contains the 67.9- and 78.4-keV direct-escape lines of 
radioactive “*Ti decaying inside the ejecta. 


contribution at 1keV, (8.5 + 3.2) X 10 4 photons cm 7s ‘keV ', 
coincides with the normalization of the non-thermal X-ray compon- 
ent in the SNR 1987A spectrum following the XMM-Newton observa- 
tions in 2009**. With such a component (shown in Fig. 2 by a solid 
curve) the flux in the lines decreases to Fogi7g = (1.5 + 0.4) X 
10° photons cm 7s ', which may be translated to My,~ 
(3.1 0.8) X 1074Mo. 

The SPI y-ray spectrometer on board INTEGRAL observed SNR 
1987A simultaneously with IBIS/ISGRI in the 511- and 1,157-keV 
lines of “*Ti; however, the smaller effective area and presence of strong 
background features at 511 and ~1,100 keV preclude their confident 
detection. The photon spectrum measured in the 1,106-1,205-keV 
band is presented in Fig. 3. The solid curve shows the 1.7¢ upper limit 
(90% confidence) for the flux in the 1,157-keV Gaussian line, namely 
F157 = 2.6 X 10° photons cm 7s |. It can be converted to the limit 
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Figure 3 | y-ray spectrum of SNR 1987A measured with SPI in 2003-2011. 
The spectrum (open circles) was reconstructed using standard techniques” 
near the highest-energy (1,157 keV) direct-escape line of “*Ti. The solid curve 
shows the Gaussian line with the flux at its 1.70 upper limit. Its centroid energy 
was redshifted by 1.1 keV to take into account the heliocentric velocity of SNR 
1987A (285 kms}; ref. 29); its FWHM was taken to be 7.0 keV (internal width 
~1,157 keV X vy4/c ~ 6.5 keV, corrected for the energy resolution of SPI, 
namely ~3 keV FWHM at 1.2 MeV; here v44 = 1,700 km sl is the expansion 
velocity of the ejecta layer containing ““Ti, and c is the velocity of light). The 
similar Gaussian line with total flux corresponding to the **Ti mass measured 
by IBIS/ISGRI in the hard-X-ray lines is shown by a dotted curve. Error bars, lo. 
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for the amount of ““Ti, My, <9 x 107*M, q- For comparison, the 
dotted curve in Fig. 3 shows the Gaussian line corresponding to the 
value of My, measured with IBIS/ISGRI. 

The detection of emission in the 67.9- and 78.4-keV lines allows us 
to measure directly the amount of radioactive “Ti synthesized during 
the explosion, that is, My, ~ (3.10.8) X 10°-*Mo. This amount 
formally exceeds by a factor of 1.5 to 2 the estimates based on theor- 
etical simulations of explosive nucleosynthesis in supernova 1987A 
and on the infrared and ultraviolet data (although the discrepancy 
represents only one standard deviation). We note that “*Ti may be 
produced either as a result of strong deviation from nuclear statistical 
equilibrium during the explosion (so-called «-rich freeze-out)° or as a 
result of incomplete Si-burning in a thin shell surrounding the region 
of main energy release**’. In both cases, the simulations are not 
straightforward and many poorly known parameters (for example, 
the mass of the collapsed core, the maximum temperature and density 
behind the shock wave, the neutron excess and the composition of the 
pre-supernova interior) could affect the results. In this sense, the value 
of M4, that we report here may be useful for studying explosive nucleo- 
synthesis and physical conditions reached during the shock-wave 
passage in the ejecta. 

We note finally that the shock interaction of the ejecta and the 
surrounding matter is responsible for the synchrotron emission 
observed at present from SNR 1987A in the radio and soft-X-ray 
bands”*. The reprocessing of this emission in the ejecta is contributing 
to the late-time optical-infrared emission of SNR 1987A"°. Our estim- 
ate of the power-law component in the spectrum of SNR 1987A may be 
translated to a 2o upper limit for the luminosity of synchrotron emis- 
sion of ~3 X 10°’ ergs ‘in the 20-60 keV band. This value can be also 
considered as the limit for the luminosity of the stellar remnant (pulsar 
or black hole) harboured inside the ejecta. 
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Zinc isotopic evidence for the origin of the Moon 


Randal C. Paniello'*, James M. D. Day** & Frédéric Moynier! 


Volatile elements have a fundamental role in the evolution of planets. 
But how budgets of volatiles were set in planets, and the nature and 
extent of volatile-depletion of planetary bodies during the earliest 
stages of Solar System formation remain poorly understood’’. The 
Moon is considered to be volatile-depleted and so it has been pre- 
dicted that volatile loss should have fractionated stable isotopes of 
moderately volatile elements*. One such element, zinc, exhibits strong 
isotopic fractionation during volatilization in planetary rocks*”, but 
is hardly fractionated during terrestrial igneous processes*, making it 
a powerful tracer of the volatile histories of planets. Here we present 
high-precision zinc isotopic and abundance data which show that 
lunar magmatic rocks are enriched in the heavy isotopes of zinc and 
have lower zinc concentrations than terrestrial or Martian igneous 
rocks. Conversely, Earth and Mars have broadly chondritic zinc 
isotopic compositions. We show that these variations represent 
large-scale evaporation of zinc, most probably in the aftermath of 
the Moon-forming event, rather than small-scale evaporation pro- 
cesses during volcanism. Our results therefore represent evidence 
for volatile depletion of the Moon through evaporation, and are 
consistent with a giant impact origin for the Earth and Moon. 

The mode of origin of the Earth-Moon system that is most consistent 
with both physical and chemical constraints is through a giant impact 
between the proto-Earth and a Mars-sized body’*. Depending on the 
Hf/W ratios of the bulk silicate Earth and Moon, this event is calculated 
to have occurred some 10-150 Myr after the formation of the first 
Solar System solids”'®. This highly energetic collision is predicted 
to have melted the impactor, with much of its core material being 
sequestered into Earth, while silicate material spun into an Earth- 
orbiting disk that later accreted to form the Moon'"”. Despite this 
cataclysmic mode of origin, and silicate vapour-phase models pro- 
posed to explain non-volatile stable isotope fractionation”’, to date 
there have been no collateral heavy isotope enrichments found for 
moderately volatile elements (for example, K) in lunar or terrestrial 
rocks’. 

Zinc is more volatile than both K and Cl (ref. 14) under solar nebula 
conditions and exhibits limited isotopic fractionation during igneous 
processes®?*. On Earth, and in primitive meteorites such as chondrites, 
variations of 5°°Zn (see Fig. 1 legend for definition) larger than 1%o have 
only been observed in association with evaporation events*”*. Therefore 
any Zn isotopic fractionation, combined with differences in Zn concen- 
trations between planetary igneous rocks from differentiated bodies 
such as Earth, the Moon and Mars, can reveal important differences 
in volatile depletion and replenishment events for these bodies. 

Here we report high-precision Zn isotopic data for lunar basalts, 
Martian meteorites and terrestrial igneous rocks (see Methods, 
Supplementary Table 1 and Supplementary Information). Combined 
with previously published data for lunar rocks, terrestrial basalts, and 
carbonaceous, ordinary and enstatite chondrites, these new data allow 
us to establish the nature and extent of volatile depletion in Earth, the 
Moon and Mars. Fractionation between 5°°Zn and 5°°Zn is mass- 
dependent (Fig. 1), conforming to the expected mass-dependent 
mass-fractionation slope of two, hence only 8°°Zn is discussed here 


although ‘Zn, °°Zn and °*Zn intensities were precisely measured. 
Because terrestrial, Martian and lunar rocks all lie on the same mass- 
dependent mass-fractionation line, along with all classes of chondritic 
meteorites'®’”’, this implies that Zn from all of the analysed samples 
evolved from a single, isotopically homogeneous reservoir. This 
relationship presumably reflects Zn isotope homogeneity in the solar 
nebula before terrestrial planet formation and, thus, that all reported 
isotopic variations are due to mass-dependent fractionations. Spallogenic 
effects or secondary neutron capture would lead to non-mass-dependent 
behaviour. 

Low-Ti lunar mare basalts, including the mare basalt meteorite 
LaPaz Icefield (LAP) 02205, span a range in 8°Zn of —3.13%o0 to 
+1.56%o (Fig. 2). Sample 12018 is isotopically light (5°°Zn = 
—3.10 + 0.03%o0, n = 2) when compared with the other 11 low-Ti mare 
basalt samples measured. If sample 12018 is excluded from the com- 
parison, we find a limited range in 8°°Zn for low-Ti mare basalts of 
+0.84%o to +1.56%o, with a mean of +1.31 + 0.13%. The mean 8°°Zn 
for low-Ti mare basalts is identical, within the uncertainties, to that 
derived for high-Ti mare basalts (8°°Zn = +1.39 + 0.31%0; n = 8), 
and excluding the isotopically light sample 10017 (5°°Zn = —5.42%o; 
ref. 18). Zinc concentrations in mare basalts range from 0.6 to 
12 p.p.m., and are lower than concentrations of Zn measured in lunar 
soils (average = 25 p.p.m.), or in lunar pyroclastic glass beads (129 to 
231 p.p.m.). 

Martian SNC (Shergotty-Nakhla—Chassigny) meteorites span a 
limited range in 8° Zn (+0.13%o to +0.35%o), with an average 8°Zn 
of +0.25 + 0.03% (n = 10) (Fig. 2). Measured values of 6 °Zn are 
slightly higher in Mg-rich shergottites (for example, Elephant 
Moraine 79001, Allan Hills (ALHA) 77005), than in more evolved 
shergottites, nakhlites and ALH 84001, which has the lowest 8°Zn 
composition of Martian meteorites. The average Zn isotopic com- 
position of Martian meteorites (+0.25 + 0.03%o) is identical to the 


15 


3°8Zn (%o) 


Figure 1 | 5°°Zn versus 8°°Zn for lunar, terrestrial and Martian samples. All 
of the samples fall on the mass-dependent mass-fractionation line of slope 2. 
Analytical uncertainties (2c) are smaller than the data marker size. 

5°Zn = [(*Zn/MZn) amptel*Zn/™Zn) pic tyon standard ~ 1] X 1,000, where 

X = 66 or 68. 
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Figure 2 | Zinc isotopic composition of terrestrial, lunar, Martian and 
chondritic samples. CC, carbonaceous chondrite; OC, ordinary chondrite; 
EH/EL3 C, enstatite chondrite; PGB, pyroclastic glass beads. Data for 
chondrites and Earth represent an average of the different samples measured so 
far (refs 4, 6, 16, 17 and Methods); error bars, 2c. For Martian meteorites and 
lunar samples, each data point represents one sample; 2o on the 8°°Zn is 0.05%o. 


average measured &°°Zn composition of terrestrial igneous rocks 
(+0.27 + 0.10%o). Zinc concentrations in shergottite meteorites are 
higher than for lunar mare basalts at between 41 and 130 p.p.m., and 
Zn concentrations in nakhlite meteorites lie within the range of 
shergottite meteorites at between 61.5 and 89 p.p.m. (Supplemen- 
tary Information); Martian igneous rock Zn concentrations are 
therefore similar to terrestrial basaltic lavas (typically 70 to 100 p.p.m.; 
see the GERM database at http://earthref.org/GERM/). 

The range of 5°°Zn values measured for lunar rocks are bracketed by 
the low 5°°Zn values of 12018 (—3.10 + 0.03%o), 10017 (—5.42%o) and 
pyroclastic glass beads (—2.9%o to —4.2%o), and by the high 5°°Zn 
values of MacAlpine Hills (MAC) 88105 (8°°Zn +3.18%o) that we have 
measured. MAC 88105 is a lunar anorthositic regolith breccia meteo- 
rite’, and has a 6°°Zn value similar to lunar regolith and soil samples 
from the Apollo 14, 15, 16 and 17 sites (+2.6%o to +5.6%o) (Fig. 2). The 
high 5°°Zn of the regolith and soil samples reflect both sputtering effects 
and impact gardening of the lunar regolith*’*, and donot represent 
primary magmatic compositions, so will not be considered further. 

The isotopically light Zn values measured for 10017, 12018 and 
pyroclastic glass beads are not associated with petrology, mineralogy 
or cosmic ray exposure ages (see Supplementary Information). Previ- 
ously, light Zn isotope enrichment in pyroclastic glass beads has been 
attributed to Zn evaporation during fire-fountaining, with condensa- 
tion of isotopically light Zn on the surfaces of the ejected beads’, as also 
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proposed for *”S enrichments”’. These observations appear to be sup- 
ported by increased Zn concentrations on the exterior portions of the 
pyroclastic glass beads, relative to interior portions (see, for example, 
refs 18, 21). Vapour loss should increase the 8°°Zn value of the residual 
magma and this process can be modelled assuming exhalative evap- 
oration of Zn as ZnCl, on the Moon (for example, ref. 21); in contrast, 
Zn is evaporated as Zn?* on Earth (see, for example, ref. 22) with 
essentially no fractionation between vapour and melt (that is, « = 1; 
see below). 

For volatilization of a liquid into a vacuum, fractionation between 
vapour and melt during Rayleigh distillation (differential distillation) 
leads to: Sfinat = Sinitiat + [(1,000 + Sinitial) * ? — 1)], where Fis the 
fraction of Zn remaining in the melt, and dinitig aNd Spinal are the 5°Zn 
of the initial and final liquid, respectively. The value of « can be 
approximated as the square-root of the mass number of the light 
isotopologue over that of the mass number of the heavy isotopologue 
of the vaporizing species; for ZnCl, the « value is 0.993. Extreme 
fractionations of Zn isotopes in the melt and associated vapour phase 
are computed for low remaining Zn in the melt fraction, and fractio- 
nations greater than those measured for lunar rocks can be calculated; 
such fractionations could possibly reflect incomplete evaporation to 
low melt fractions, or the competing effect of diffusion rates being 
insufficient to maintain isotopic homogeneity in melts on the Moon 
(this latter effect is exemplified as a lower « value of 0.999; Fig. 3). These 
calculations demonstrate that isotopically light vapour conforming to 
those measured in 12018, 10017 and pyroclastic glass beads can also be 
achieved by evaporation and re-deposition of ZnCl, from lunar melts. 
We therefore exclude these isotopically light samples from the planetary 
comparisons made between Earth, the Moon and Mars. 

As demonstrated above, Zn isotopes can be strongly fractionated 
during high-temperature evaporative processes, and an important dis- 
tinction to be made is how and when Zn isotopic fractionation occurred 
between different planetary basalts. For example, there is a clear differ- 
ence in the Zn isotopic composition of lunar mare basalts relative to 
Martian and terrestrial rocks, but with no corresponding differences 
between terrestrial and Martian rocks. Zinc isotopic compositions for 
the majority of mare basalts (0.7-1.9%o) can be attained from between 
10% to >90% evaporative loss of Zn using the different « values shown 
in Fig. 3, whereas terrestrial and Martian samples do not require sig- 
nificant evaporative loss. Therefore, the conditions responsible for Zn 
isotopic fractionation in lunar rocks do not appear to have existed, or 
have been overprinted, for terrestrial and Martian igneous rocks. 


12018/10017 ne 


_5 | and pyroclastic glasses 


0.0 0.2 0.4 0.6 0.8 1.0 
Fraction of Zn remaining in melt, F 


Figure 3 | Zinc isotopic fractionation as a function of the fraction of Zn 
remaining during open-system Rayleigh distillation. Results are shown for 
three different fractionation factors (~) between vapour and melt versus the 
range of Zn isotopic compositions measured for lunar samples. The two grey 
areas represent the 8°°Zn ranges of lunar mare basalts and the 12018/10017/ 
pyroclastic glasses. 
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There is strong evidence that ‘planet-scale’ evaporation of Zn during 
the Moon-forming event, rather than ‘localized-scale’ evaporation 
processes during volcanic eruption into hard vacuum (as suggested 
for Cl isotopes”), is responsible for the Zn isotopic character of mare 
basalts. The limited range in Zn isotopic compositions and system- 
atically low Zn abundances for 19 of the 21 studied mare basalts, 
combined with the identical 5°°Zn values for low- and high-Ti mare 
basalts, support a large-scale planetary volatile depletion process. 
Low-Ti mare basalts are the predominant form of basalt exposed on 
the lunar surface (~90%; ref. 24), and their prevalence over high-Ti 
mare basalts is consistent with magma ocean crystallization models 
that indicate >78% of the lunar mantle would be dominated by olivine 
and orthopyroxene, whereas ilmenite-rich cumulates formed after 
95% crystallization”. Thus, low-Ti mare basalts are often considered 
more representative of lunar mantle composition than high-Ti mare 
basalts (for example, ref. 26) and so the identical Zn isotopic composi- 
tion of low- and high-Ti mare basalts points towards identical pro- 
cesses acting on both basalt types, despite conspicuously differing 
modes of origin and lunar mantle sources. 

The evidence for extreme volatile depletion of the Moon from Zn 
isotopes and Zn abundance contrasts with the greater Zn abundance 
and broadly chondritic Zn isotopic compositions of Earth and Mars. 
The simplest explanation for these differences is that conditions during 
or after formation of the Moon may have led to more extensive volatile 
loss and Zn isotopic fractionation than experienced by Earth or Mars. 
The Zn isotopic homogeneity in lunar materials suggests that this would 
have to result from a large-scale process rather than from small-scale 
processes, or from hydrodynamic escape’*. Given these lines of 
evidence, the most likely large-scale event to explain evaporative Zn 
isotopic fractionation would be a wholesale melting event associated 
with the formation of the Moon. The Zn isotope data therefore support 
existing dynamical models that argue for a giant impact event as the 
origin of the Earth-Moon system'""”?’, 

Whereas Zn abundances and isotopic compositions for Earth, the 
Moon and Mars provide compelling evidence for evaporative loss of 
volatile elements during lunar formation, they also provide important 
insights into planetary volatile inventories. In the case of the Moon, 
studies have shown that pyroclastic glass beads have elevated volatile 
contents, and contain water’*, suggesting a volatile-rich reservoir in the 
lunar interior. However, a study of Cl isotopes” suggests a volatile- 
depleted Moon, and our results for Zn isotopes suggest that the source 
regions of mare basalts are strongly volatile-depleted. In contrast with 
mare basalts, the elevated Zn abundances and light 8°°Zn values of 
lunar pyroclastic glasses are possibly consistent with derivation from a 
localized volatile-rich mantle reservoir within the Moon. For Mars, the 
identical Zn isotopic composition of Martian meteorites and terrestrial 
igneous rocks, combined with the elevated estimate of Zn abundance in 
the Martian mantle”, suggests a volatile-rich planet. Thus, Zn isotopic 
data for Earth, Mars and the Moon place fundamental constraints on 
planetary accretion, pointing to evaporative loss during the Moon- 
forming event but that evaporative loss of volatiles in Earth and 
Mars did not occur, or has been over-printed by later events. 


METHODS SUMMARY 


Fragments (each of 500-1,000 mg) were leached in double-distilled water for 300 s 
in an ultrasonic bath. After removal from the water and drying, sample fragments 
were crushed to a homogeneous fine powder using an agate mortar and pestle. 
Samples were dissolved in a 4:1 mixture of ultra-pure HF/HNO; in Teflon beakers 
for four days. Zinc purification was achieved using anion-exchange chromato- 
graphy using procedures described previously’, with recovery of 99 + 1%. Zinc 
was purified by anion-exchange chromatography. The samples were loaded in 
1.5M HBr on 0.25-ml AG-1X8 (200-400 mesh) ion-exchange columns and Zn 
was collected in 0.5 M HNO3. The Zn fraction was further purified by eluting the 
samples twice on a 100-11 column with the same eluting solutions. Blanks were 
<10ngand represent less than 1% of total measured Zn. Zinc isotopic compositions 
were measured on the ThermoElectron Neptune Plus multi collector-inductively 
coupled plasma-mass spectrometer housed at the Isotope Geochemistry Laboratory, 
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Washington University, St Louis. The Faraday cups were positioned to collect 
masses 62, 63, 64, 65, 66, 67 and 68. Possible “Ni isobaric interferences were 
controlled and corrected by measuring the intensity of the °Ni peak. A solution 
containing 500 p.p.b. Zn in 0.1 M HNO; was prepared for isotopic analysis. Isotopic 
ratios of Zn in all samples were analysed using a spray chamber combined with a 
100 pl min ! PFA nebulizer. One block of 30 ratios, in which the integration time of 
one scan was 10s, was measured for each sample. The background was corrected by 
subtracting the on-peak zero intensities from a blank solution. The instrumental 
mass bias was corrected by bracketing each of the samples with standards. External 
precision based on the JMC Lyon Zn standard was 0.05%o per a.m.u. (20). 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


We used methods for the purification and isotopic measurement of Zn described 
previously*>'®'*°°?, Briefly, 500-1,000 mg sample fragments were leached in 
double-distilled water for 300 s in an ultrasonic bath. After removal from the water 
and drying, sample fragments were crushed to a homogeneous fine powder using an 
agate mortar and pestle. Samples were dissolved in a 4:1 mixture of ultra-pure HF/ 
HNO; in Teflon beakers for four days. Zinc purification was achieved using anion- 
exchange chromatography using procedures described previously’, with recovery 
of 99 + 1%. Zinc was purified by anion-exchange chromatography. The samples 
were loaded in 1.5M HBr on 0.25-ml AG-1X8 (200-400 mesh) ion-exchange 
columns and Zn was collected in 0.5 M HNO3. The Zn fraction was further purified 
by eluting the samples twice on a 100-1 column with the same eluting solutions. 
Blanks were <10 ng and represent less than 1% of total measured Zn. Zinc isotopic 
compositions were measured on the ThermoElectron Neptune Plus multi collector- 
inductively coupled plasma-mass spectrometer housed at the Isotope Geochemistry 
Laboratory, Washington University, St Louis (see Supplementary Table 2 for para- 
meters). The Faraday cups were positioned to collect the masses 62, 63, 64, 65, 66, 67 
and 68. Possible “Ni isobaric interferences were controlled and corrected by mea- 
suring the intensity of the °’Ni peak. A solution containing 500 p.p.b. Zn in 0.1M 
HNO; was prepared for isotopic analysis. Isotopic ratios of Zn in all samples were 
analysed using a spray chamber combined with a 100 pil min” ' PFA nebuliser. One 
block of 30 ratios, in which the integration time of one scan was 10 s, was measured 
for each sample. The background was corrected by subtracting the on-peak zero 
intensities from a blank solution. The instrumental mass bias was corrected by 
bracketing each of the samples with standards. External precision based on the 
JMC Lyon Zn standard was 0.05%o per a.m.u. (20). 


Sample selection for this study was designed to complement and expand the 
existing high-precision Zn isotopic data available for the Moon (for example, 
refs 4, 18), and to investigate the Zn isotopic composition of Mars. Previous Zn 
isotopic studies of the Moon have focused on high-Ti mare basalts, high-Ti 
pyroclastic glass beads, and lunar soils. We have expanded the high-precision data 
set through the analysis of seven Apollo 12 and four Apollo 15 low-Ti mare basalts. 
We have also measured LaPaz Icefield (LAP) 02205, a low-Ti mare basalt meteorite 
with possible association to Apollo 12 mare basalts (for example, ref. 32), and 
MacAlpine Hills (MAC) 88105, an anorthositic regolith breccia paired with 
MAC 88104 (for example, refs 19, 33). From the available Martian Shergotty- 
Nakhla-Chassigny (SNC) meteorite suite, we measured Zn isotopic compositions 
in six shergottites (Shergotty, Zagami, Los Angeles, Elephant Morraine (EETA) 
79001, Allan Hills (ALHA) 77005, Sayh al Uhaymir (SaU) 008), three nakhlites 
(Nakhla, Lafayette, Miller Range (MIL) 03346) and the orthopyroxenite ALHA 
84001. We also prepared a terrestrial granite (G-2, a granite from Sullivan Quarry, 
Rhode Island, USA) and basalt (BCR-1, from the Columbia River region, Oregon, 
USA) for comparison with Martian and lunar samples. 
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Circuit quantum electrodynamics with a spin qubit 


K. D. Petersson’, L. W. McFaul’, M. D. Schroer’, M. Jung’, J.M. Taylor’, A. A. Houck? & J. R. Pettal* 


Electron spins trapped in quantum dots have been proposed as 
basic building blocks of a future quantum processor’ *. Although 
fast, 180-picosecond, two-quantum-bit (two-qubit) operations can 
be realized using nearest-neighbour exchange coupling’, a scalable, 
spin-based quantum computing architecture will almost certainly 
require long-range qubit interactions. Circuit quantum electrody- 
namics (cQED) allows spatially separated superconducting qubits 
to interact via a superconducting microwave cavity that acts as a 
‘quantum bus’, making possible two-qubit entanglement and the 
implementation of simple quantum algorithms*’. Here we com- 
bine the cQED architecture with spin qubits by coupling an indium 
arsenide nanowire double quantum dot to a superconducting 
cavity*’. The architecture allows us to achieve a charge-cavity 
coupling rate of about 30 megahertz, consistent with coupling rates 
obtained in gallium arsenide quantum dots’®. Furthermore, the 
strong spin-orbit interaction of indium arsenide allows us to drive 
spin rotations electrically with a local gate electrode, and the 
charge-cavity interaction provides a measurement of the resulting 
spin dynamics. Our results demonstrate how the cQED architec- 
ture can be used as a sensitive probe of single-spin physics and that 
a spin-cavity coupling rate of about one megahertz is feasible, 
presenting the possibility of long-range spin coupling via super- 
conducting microwave cavities. 

The weak magnetic moment of the electron makes it difficult to 
couple spin qubits that are separated by a large distance. Approaches 
to transferring spin information include physically shuttling electrons 
with surface acoustic waves or using exchange-coupled spin chains, 
both of which are experimentally challenging to realize’. An at- 
tractive alternative for realizing long-distance spin-qubit interactions 
is to interface spins with a superconducting microwave cavity in the 
cQED architecture. Unfortunately, direct coupling between a single 
spin magnetic dipole and the magnetic field of the cavity results in a 
spin-cavity coupling rate of gy4/2m ~ 10 Hz, which is much too weak to 
be useful for quantum information processing’. Recent experiments 
have explored coupling ensembles of spins to superconducting reso- 
nators, with the large number of spins, Ns ~ 10’, giving a ~ Ni! ? 
enhancement in the spin-cavity coupling rate’*""”. 

Another approach to spin-cavity coupling relies on the spin-orbit 
interaction’*. Spin—-orbit coupling mixes spin and orbital degrees of 
freedom, resulting in spin states that have some orbital character, the 
spin-orbit doublets, |{}) and |{}). Although electron spin states cannot 
be coupled directly to an electric field, the spin-orbit interaction en- 
ables electrical control by perturbing the orbital component of the 
electron wavefunction. Fast, coherent electrical control of spin states 
in quantum dots has been demonstrated in InAs nanowires where the 
spin-orbit interaction strength is large*’’®. The cQED architecture 
could be used to couple two distant InAs nanowire quantum dot spin 
qubits with the spin-orbit interaction enabling a significantly increased 
spin-cavity coupling rate, gs (ref. 18). In this Letter, we take the first 
steps towards realizing this approach and couple the electric field of a 
high-quality-factor superconducting cavity to an InAs nanowire 
double quantum dot (DQD) device. We determine the charge-cavity 
coupling rate, gc, for the molecular orbital states of a single excess 


charge in the DQD. Then, with each of the two quantum dots acting 
as a spin qubit, we perform fast electrical spin-state control followed by 
single spin read-out using the microwave cavity. Our results demon- 
strate that spin qubits, which require substantial magnetic fields for 
their operation, can be readily integrated into the superconducting 
cQED architecture and pave the way for long-range coupling of spin 
qubits via microwave cavities. 

Our hybrid spin-qubit/superconducting device is shown in Fig. 1. 
We fabricate a half-wavelength superconducting Nb resonator (the 
cavity) with a resonance frequency of fy = Wo/2m ~ 6.2 GHz and 
quality factor of Q~ 2000 (Supplementary Information, section 
2). The amplitude and phase responses of the cavity are detected 
using a homodyne measurement with a microwave probe frequency 
fr (ref. 5). We couple a single InAs nanowire spin qubit to the 
electric field generated by the cavity’®. The qubit consists of a 
DQD defined in an InAs nanowire*’. A series of Ti/Au depletion 
gates create a simple double-well confinement potential containing 
(N_, Np) electrons, where Ny and Ne are the numbers of electrons in 


~+Inductor 


‘so + Veavity(t) 


100 nm 


Figure 1 | Hybrid DQD/superconducting resonator device. a, Circuit 
schematic and micrograph of the hybrid device design. Transmission through 
the half-wavelength superconducting Nb resonator is measured using 
homodyne detection at a frequency fg. Standard d.c. transport measurements 
are made possible by applying a source—drain bias, Vsp, to the DQD using 

a ~4-nH spiral inductor that is connected to the voltage node of the resonator”. 
See Supplementary Information, section 1, for further details. b, c, Scanning 
electron micrograph (b) and cross-sectional schematic view (c) of a typical 
nanowire DQD. The left and right barrier gates (By and Ba), left and right 
plunger gates (L and R), and middle gate (M) are biased to create a double-well 
potential within the nanowire. The drain contact of the nanowire, D, is 
grounded, and the source contact, S, is connected to an antinode of the 
resonator, oscillating at a voltage Vcavity(£). An a.c. voltage at a frequency fg is 
applied to gate M to generate an oscillating electric field, €o. 
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the left- and right-hand dots, respectively. We tune the tunnel coup- 
ling, tc, of the DQD by adjusting the voltage, Vy, on the middle 
barrier gate (M in Fig. 1b). A trapped electron in the DQD has an 
electric dipole moment of d= 1,000ea,, where a, is the Bohr radius 
and e is the electronic charge. 

For a spin in a single quantum dot, the calculation in ref. 18 predicts 
a spin-cavity coupling rate of gs~gc(Ez/AEp)(1/Aso), where Ez is the 
Zeeman splitting of the spin states, AEp is the orbital level spacing, / is 
the quantum dot size and Aso is the spin-orbit length, which charac- 
terizes the strength of the spin-orbit interaction’®’. Therefore, strong 
spin-cavity coupling requires two key components: a large charge- 
cavity coupling rate and a strong spin-orbit interaction. Charge-cavity 
coupling is achieved through the electric dipole interaction, as in ex- 
periments with superconducting qubits. An oscillating electric field, 
with amplitude €o, periodically displaces the electron quantum dot 
potential by a distance ry = e€y/” / AEp (Fig. 1c), which is dependent on 
the quantum dot confinement as determined by AEp and ! (ref. 19). 
To enhance the cavity electric field at the position of the DQD—and 
maximize the charge-cavity coupling rate—the source and drain con- 
tacts of the nanowire are connected directly to the voltage antinode 
and the ground of the resonator. In the presence of a strong spin-orbit 
interaction, the displacement of the electron can induce spin-state 
rotations at a rate Ez/h X ro/Aso, where h denotes Planck’s con- 
stant divided by 21, with the linear dependence in Ez due to the Van 
Vleck zero-field cancellation of the spin-orbit term. Strong spin-orbit 
coupling is achieved using InAs, which has a short spin-orbit length, 
Aso ~ 100 nm (ref. 20). 

We first characterize the interaction between an electron trapped in 
a DQD and the electric field of the cavity, demonstrating a 30-MHz 
charge-cavity coupling rate with this device architecture. We focus on 
the cavity response near the (M, N+ 1)<9(M + 1,N) interdot charge 
transition in the many-electron regime (M ~ 20, N ~ 20; Supplemen- 
tary Information, section 3). The DQD forms a two-level ‘artificial 


molecule’ with an energy splitting of Q= \/e?+4té, where ¢ is the 
detuning (Fig. 2a, top). Interdot tunnel coupling hybridizes the charge 
states around ¢=0, resulting in a tunnel splitting of 2t¢. The detuning- 
dependent dipole moment of the DQD has an admittance that loads 
the cavity. We characterize the strength of the interaction by the a.c. 
susceptibility, x (ref. 21; Fig. 2a, bottom). 

A qualitative understanding of the coupling between the quantum 
dot and the cavity can be obtained by considering the relevant energy 
scales in the system. The single-dot charging energy, Ec ~ 12 meV, is 
much larger than the relevant photon energy, hfg ~ 25 eV, and the 
cavity is largely unaffected by the DQD in Coulomb blockade. However, 
near interdot charge transitions (for example (M, N + 1) (M + 1,N)) 
or transitions with the source and drain electrodes (for example 
(M, N) << (M,N + 1)), the energy scales associated with the DQD are 
close to the cavity energy, and the cavity is damped, resulting in a 
phase shift in microwave transmission at the bare cavity frequency. In 
Fig. 2b, the DQD charge stability diagram is measured around the 
(M,N + 1)<>(M + 1,N) transition by probing the phase response 
of the microwave cavity as a function of the gate voltages V; and Vp 
(refs 10, 22). 

Quantitative analysis of the cavity response requires a fully quantum 
mechanical model that accounts for photon exchange between the 
microwave field and the DQD'*”’. In cavity QED, the pertinent inter- 
actions are those between an atom with transition frequency @, = Q/h 
and the photon field of the cavity, characterized by the resonance 
frequency jo. The atom and cavity energy levels hybridize when the 
atom-cavity detuning, J = w, — p, is less than go, leading to the 
Jaynes-Cummings ladder of quantum states**, When the atom and 
cavity are detuned in the dispersive limit (4 > gc), the cavity field 
exhibits a phase shift in microwave transmission at the bare cavity 
frequency that is given by ¢ = —arctan(2gé/%«A), where x is the cavity 
decay rate. In Fig. 2d, we plot the phase response of the cavity for 
several values of the interdot tunnel coupling (see Supplementary 
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Figure 2 | Measurement of the DQD charge-cavity coupling. a, DQD 
energy levels (top) and a.c. susceptibility, y (bottom), as functions of 
detuning, ¢. b, Phase response of the cavity as a function of gate voltages V;, 
and Vp near the (M + 1, N) (M,N + 1) charge transition, measured using 
a fixed drive frequency, fg = 6194.8 MHz. The dashed arrow indicates the 
detuning axis. At the interdot charge transition (¢ = 0) an excess electron is 
delocalized across the DQD. Away from zero detuning, the electron is 
trapped in one of the dots. c, Cavity frequency, fo (approximately constant 
at 6.2 GHz), relative to the bare qubit transition frequency, Q/h, for 
different values of the interdot tunnel coupling, tc, as extracted from the 
data in d. d, Phase response measured as a function of DQD detuning, ¢, for 
a range of tunnel couplings, tc, as set by Viy. The detuning is varied by 
sweeping Va. Phase data are offset by 7.5° for clarity. Dashed lines are fits to 
the data, allowing the determination of the charge-cavity coupling rate, 
&c/2n ~ 30 MHz (see main text). 


Information, section 4 for the magnitude response). We observe a sign 
change in the phase as the atom-cavity detuning, 4, is varied from 
positive to negative values”. We fit the phase and magnitude data to a 
master equation model (Supplementary Information, section 6.1) 
using a best-fit value of g¢/2n = 30 MHz; an inhomogeneous broad- 
ening parameter, o,/h=5.1 GHz, to account for low-frequency 
charge noise; and a V),;-dependent tunnel coupling that ranges from 
2tc/h = 1.8 to 7.0 GHz (Fig. 2c). The charge-cavity coupling rate ex- 
tracted here compares favourably to values obtained using Cooper 
pair box qubits’ (g-/2n~6MHz), transmon qubits” (g-/2n ~ 
100 MHz) and many-electron GaAs quantum dots’? (g¢/2n ~ 
50 MHz). 

We characterize the strength of the spin-orbit interaction by oper- 
ating the device as a spin qubit (Fig. 3). For simplicity, we label the 
charge states (1, 1) and (0, 2) (ref. 4). The ground state with two elec- 
trons in the right quantum dot is the singlet S(0, 2). At negative detun- 
ing, the electrons are separated in a (1,1) charge state, and the four 
relevant spin states are |‘), |), |ft!) and |\)(}) (ref. 8). The level 
diagram is similar to a GaAs singlet—triplet spin qubit, with a key 
difference being that the g-factors for the two spins can vary signifi- 
cantly* (Supplementary Information, section 6.2). Interdot tunnel 
coupling hybridizes the states with singlet character near e=0, and 
an external field results in Zeeman splitting, Ez =gj1,B, of the spin 
states, where g is the electronic g-factor, [lg is the Bohr magneton and B 
is the magnetic field. 
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Figure 3 | Spin-qubit spectroscopy. a, The measurement cycle for spin-qubit 
spectroscopy. The DQD is put in either the | {{{}) or the ||) }) spin configuration 
as a result of Pauli spin blockade. EDSR transitions lift this blockade, resulting 
in current flow through the device. b, Spin-qubit spectroscopy as a function of 
magnetic field, B, measured under Pauli blockade. Pauli blockade is lifted by 
EDSR driving when the microwave frequency is fg = giltgB/h, where g; 

(i = 1,2) is the electronic g-factor of dot i. Inset, current through the DQD asa 
function of gate voltages V;, and Vp, with Vsp = 2.5 mV. Current is suppressed 
inside the dashed region owing to Pauli spin blockade. c, Energy levels of the 
spin-orbit qubit plotted as a function of ¢. The data in b are acquired with 
é=ce' ~1meV. 


Spin selection rules result in Pauli blockade at the two-electron 
transition, a key ingredient for spin preparation and measurement**”° 
(Fig. 3b, inset). For example, state | {}{}) cannot tunnel to S(0, 2) due to 
Pauli exclusion. Modulation of the confinement potential with a gate 
voltage results in spin-orbit-driven electric dipole spin resonance 
(EDSR) transitions that lift the Pauli blockade*”’. In Fig. 3b, we plot 
the current, J, through the DQD with Vsp = 2.5 meV and the gates 
tuned in Pauli blockade (Fig. 3b, white dot in inset). Hyperfine fields 
rapidly mix spin states when Ez = gjlpB < By, where By ~ 2 mT is the 
hyperfine field. At finite fields, the leakage current is non-zero when 
the a.c. driving frequency on the gate, fg, satisfies the electron spin 
resonance condition Ez = hfg. We observe two resonance conditions 
corresponding to single spin rotations in the left- and right-hand 
quantum dots, with g-factors of 8.2 and 10.6 (ref. 8). 

In cQED with superconducting qubits, measurements of the cavity 
response can be used for qubit read-out. For spin qubits, around e=0, 
the DQD has a spin-state-dependent dipole moment due to Pauli 
blockade that allows spin-state read-out via the superconducting cav- 
ity’. We combine quantum control of the spins using EDSR and cavity 
detection of single-spin dynamics using the pulse sequence shown in 
Fig. 4a, b. Starting with the spin qubit in state | {}{}), we pulse to negative 
detuning (¢ = ¢'~ —2 meV) and apply a microwave burst of length tz 
to drive EDSR transitions. For example, an EDSR 1-pulse will drive a 
spin transition from |{}{}) to | {}{}). The resulting spin state is probed by 
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pulsing back to <=0 for a measurement time Ty. The cavity is 
most sensitive to charge dynamics near ¢=0 owing to the different 
a.c. susceptibilities of spin states |{}\)) and | {}{}) (Supplementary Inform- 
ation, section 6.3). In Fig. 4c, we plot the cavity phase shift as a function 
of fg and B. We again observe two features that follow the standard 
spin resonance condition, consistent with the d.c. transport data in 
Fig. 4b. By varying Ty, we fit the measured phase response to theory 
and estimate a spin lifetime of T; ~1\s (Fig. 4d). We anticipate 
that the relaxation time is detuning dependent, with longer spin 
relaxation times away from ¢=0 (ref. 28; Supplementary Information, 
section 5). 

We demonstrate coherent control of the spin qubit and read-out via 
the cavity by varying the EDSR microwave burst length, tg. Figure 4e 
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Figure 4 | Coherent spin-state control and detection using the microwave 
cavity. a, Top: pulse sequence used for spin-state control and resonator read- 
out, superimposed on the level diagram. Bottom: the a.c. susceptibility, , is 
dependent on the spin state of the DQD and allows for sensitive spin read- 
out via the microwave cavity. b, Pulse sequence used for spin-state control 
and resonator read-out. Starting in state | {}{}), an EDSR burst is applied at far 
detuning (¢ = s’ ~ —2 meV). The resultant spin state is then measured at 

é = 0 by probing the cavity transmission using a weak continuous tone of 
frequency fr. ¢, Phase response of the cavity measured as a function of EDSR 
drive frequency, fg, and external field, B, with tg = 100 ns and Ty, = 850 ns. 
EDSR transitions are observed in the phase response, in agreement with the 
d.c. transport data, with small differences in g, and g> attributable to the 
difference in sample tuning necessary to optimize the response. d, Measured 
phase shift as a function of Ty, with tg = 100 ns, B= 90 mT and 

fc = 13.1 GHz. A fit to theory yields a spin relaxation time of T; = 1 us. 

e, Phase response of the cavity as a function of EDSR burst length, tg, and 
approximate driving power at the sample, Pg, for B = 86 mT, fg = 9.5 GHz 
and Ty; = 1.75 is. Data were taken at a different sample tuning from data in 
c-d. f, Rabi oscillations at different powers, indicated by the dashed lines in 
e. The data are shifted in phase by 0.45° for clarity. The solid curves are fits to 
a power-law decay. We obtain a minimum Rabi period of Tpapi = 17 ns 
(Supplementary Information, section 5). 
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shows the measured phase as a function of tg and the gate drive 
power, Pg. We observe Rabi oscillations with a minimum period of 
17 ns (Fig. 4f), consistent with an EDSR driving mechanism®. These 
data show how the microwave field of the cavity is sensitive to the spin 
state of a single electron and that by using the cQED architecture 
quantum dot spin states may be coherently controlled and measured 
using microwave electric fields. 

Long-distance coupling of spin qubits via a cavity will require a 
spin-cavity coupling rate that is larger than the cavity decay rate and 
the qubit decoherence rate. Although the method of spin-state read- 
out that we have demonstrated does not imply spin-cavity coup- 
ling, on the basis of our results we can estimate the effective spin-cavity 
coupling strength. From our measurements, we find that g¢/ 
2m = 30MHz, Ez=25peV and AE)=1.7meV, which gives 
l=h / \/m* AE)~40 nm, where m*, the effective electron mass in 


InAs, is 0.023 times the bare electron mass. Assuming a spin-orbit 
length of Aso ~ 100 nm (ref. 20), we find a spin-cavity coupling rate 
of gs/2m ~ 0.2 MHz, which is four orders of magnitude larger than 
the coupling rate gy, that would be obtained by coupling a single spin 
to the magnetic field of a microwave cavity. This spin—cavity coupling 
rate could be readily increased to ~1 MHz by increasing the cavity 
resonance frequency to fo = 15 GHz (which would proportionally 
increase both go and Ez). Recent theoretical work also predicts an 
enhanced spin-cavity coupling for a single spin in a DQD biased at 
é=0 (ref. 29). 

In addition to increasing the spin-cavity coupling rate, there is 
significant scope for improving the cavity decay rate and the qubit 
decoherence rate. Optimization of the resonator design will reduce 
the cavity decay rate to well below 1MHz (Supplementary 
Information, section 2). There are several options for decreasing the 
qubit decoherence rate, which is at present limited by coupling to the 
nuclear spin bath. Dynamical decoupling has already been used to 
reduce the qubit decay rate to ~1 MHz in the InAs system®. InAs 
could also be replaced by nuclear-spin-free Ge/Si core-shell nanowires 
where hole spin-orbit coupling is predicted to be large*’. On the basis 
of our results, we anticipate that the strong-coupling regime for single 
spins can be reached, eventually allowing spin qubits to be intercon- 
nected in a quantum bus architecture. 


METHODS SUMMARY 


Samples were fabricated on high-resistivity, (100)-orientation silicon wafers with 
250nm of dry thermal oxide. Superconducting resonators were formed by first 
sputter-depositing a 100-nm-thick Nb layer followed by a 30-nm Au film without 
breaking vacuum. The Au film was removed, except in regions that were later 
contacted by either wire bonds or electron-beam lithography (EBL), by a chemical 
wet etch in a solution of hydrochloric acid and nitric acid. A half-wavelength 
resonator was defined using photolithography followed by etching in a solution 
of hydrofluoric acid and nitric acid. Bottom gate electrode arrays were then pat- 
terned using EBL as described in further detail elsewhere*’. A ~26-nm-thick layer 
of SiNx was deposited on top of the gate electrodes using plasma-enhanced chem- 
ical vapour deposition with the Nb film protected with photoresist, followed by 
lift-off and then further patterning using EBL and reactive ion etching. InAs 
nanowires were then dispersed from an ethanol solution, located using optical 
microscopy, and contacted using EBL. 

The microwave response was measured using homodyne detection. A res- 
onator tone with frequency fg was applied through heavily attenuated, semi- 
rigid coaxial cables. The transmitted signal was first passed through two stages 
of isolators and then amplified using a ~3 K cryogenic amplifier. Room-tem- 
perature (~300K) amplifiers provided additional gain of 55 dB, before the 
signal was demodulated using an IQ mixer. Following further amplification 
and filtering, we recorded the in-phase (J) and quadrature (Q) components 
to extract the amplitude and phase of the transmitted microwave signal. The 
EDSR microwave drive was provided by a vector microwave source, and detun- 
ing pulses were generated by an arbitrary-waveform generator. These were 
combined and coupled to gate M through an attenuated semi-rigid coaxial 
cable and a bias tee at the sample holder. The waveform generator also con- 
trolled the timing of the EDSR microwave bursts. 
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Bonding and structure of a reconstructed (001) 
surface of SrTiO3 from TEM 


Guo-zhen Zhu', Guillaume Radtke?+ & Gianluigi A. Botton! 


The determination of the atomic structure and the retrieval of 
information about reconstruction and bonding of metal oxide 
surfaces is challenging owing to the highly defective structure 
and insulating properties of these surfaces. Transmission electron 
microscopy (TEM) offers extremely high spatial resolution (less 
than one angstr6ém) and the ability to provide systematic informa- 
tion from both real and reciprocal space. However, very few TEM 
studies’° have been carried out on surfaces because the informa- 
tion from the bulk dominates the very weak signals originating 
from surfaces. Here we report an experimental approach to extract 
surface information effectively from a thickness series of electron 
energy-loss spectra containing different weights of surface signals, 
using a wedge-shaped sample. Using the (001) surface of the tech- 
nologically important compound strontium titanate, SrTiO; 
(refs 4-6), as a model system for validation, our method shows that 
surface spectra are sensitive to the atomic reconstruction and indi- 
cate bonding and crystal-field changes surrounding the surface Ti 
cations. Very good agreement can be achieved between the experi- 
mental surface spectra and crystal-field multiplet calculations 
based on the proposed atomic surface structure optimized by den- 
sity functional calculations’. The distorted TiO,_, units indicated 
by the proposed model can be viewed directly in our high-resolution 
scanning TEM images. We suggest that this approach be used as a 
general method to extract valuable spectroscopic information from 
surface atoms in parallel with high-resolution images in TEM. 
Crystals of SrTiO; attract continuing interest owing to the novel 
structure and properties exhibited at their surfaces, which have led to 
their widespread application as standard substrates for the epitaxial 
growth of functional thin films and nanostructures*° and as the pre- 
ferred photocatalyst to split water for solar hydrogen generation’. In 
spite of the technological and scientific importance of SrTiO3 crystal 
surfaces, the understanding of their atomic and electronic structure is 
still incomplete owing to the limitation of high-resolution character- 
ization’. The use of TEM to provide high-resolution information on 
oxide surfaces is rather limited, as the key pioneering studies have been 
carried out mainly through diffraction techniques, which only provide 
the projected information of the reconstructed surfaces in reciprocal 
space”’. A set of plausible atomic models can be matched to observed 
quantitative diffraction measurements; however, the ubiquitous ‘phase 
problem’—that is, the difficulty of measuring the crystallographic 
phase from a diffraction pattern and hence determining the atomic 
structure—remains a fundamental hurdle for this approach. Ad- 
ditionally, quantitative interpretation of diffraction patterns requires 
precisely calibrated detectors and consideration of any nonlinearity in 
measurements of intensities; it also requires either strict control of the 
thickness of specimens in order to minimize dynamical effects of 
diffraction, or full consideration of such effects with a precise know- 
ledge of the thickness. Alternatively, direct imaging of reconstructed 
surface patterns with atomic-level resolution can be achieved through 
profile imaging*® and plan-view imaging techniques’. The former 


requires the reconstructed surface to be parallel to the electron beam, 
but has an obvious limitation in that only a projection of the structure 
is observed. In the latter, when the reconstructed surface is normal to 
the electron beam, both surface and bulk information are integrated 
and recorded as plan-view images or spectra. However, correctly 
extracting the relatively weak surface signal from images or spectra 
containing dominant bulk information has been a major restriction of 
the technique. 

Although extracting the surface signal from a single plan-view 
acquisition (image or spectrum) may thus seem unconventional, a 
series of plan-view acquisitions can in principle be used to retrieve 
the missing surface information. Our approach requires each acquisi- 
tion to contain a different contributing weight of surface signal; we 
achieve this by using a wedge-shaped sample, with each acquisition 
froma region of different thickness. In order to separate ‘blind’ (that is, 
unknown and difficult to detect directly) surface signals from bulk 
signals, many algorithms, such as principal component analysis 
(PCA) and independent component analysis (ICA)’, can be used. 
Even so, the representative ‘signals’ output by these methods are linear 
combinations of the real components—in our case, the blind surface 
and bulk signals. The direct separation of blind signals is not trivial 
because of the indeterminate equations, in which both the sources and 
their mixing weights are unknown. However, if the mixing weights of 
surface and bulk signals can be precisely estimated from quantitative 
local thickness measurements, the extraction of blind surface signals 
becomes potentially straightforward, more reliable and relatively sim- 
ple. In this Letter, we demonstrate the application of high-resolution 
electron energy-loss spectroscopy (EELS) and TEM, with in-plane and 
edge view imaging modes, to extract both experimental structural and 
spectroscopic information on the valence state and local crystal field of 
atoms on the surface of a SrTiO; crystal. The results show that valuable 
spectroscopic information can be deduced about surface atoms even in 
TEM. 

A TEM wedge specimen with an air-stable surface, exhibiting a 
c(4 X 2) reconstruction, was prepared using the approach described 
in ref. 3. The extra reflections in the diffraction pattern (primitive cells 
are marked in Fig. 1) reveal the existence of a rearrangement of surface 
atoms with 4 X 2 unit cells consistent with the literature’. Using scan- 
ning TEM high-angle annular dark-field (STEM-HAADF) imaging, 
uniform contrast from individual approximately rectangular domains 
is visible. These uniform-intensity domains correspond to terraces of 
constant thickness separated by steps. The lateral dimensions of the 
terraces vary from 30 to 100nm in length along <100> directions, 
and imply that the local thickness is constant within these regions. 
Samples prepared by the same approach have been shown to exhibit 
terraces of uniform thickness, as demonstrated from secondary elec- 
tron images’®. 

Acquisition of EEL spectra in transmission mode from these ter- 
races, over areas of different sample thickness, provides a series of 
measurements where the surface and bulk components can be varied 
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Figure 1 | STEM-HAADF image and diffraction pattern of a ~[001] 
oriented SrTiO, sample. Main figure, STEM-HAADF image showing 
locations P1-P6 where EEL spectra were taken. Inset, diffraction pattern of the 
c(4 X 2) surface reconstruction. Yellow lines in the diffraction pattern highlight 
the extra reflections arising from the surface reconstruction. The pattern was 
intentionally overexposed to reveal the weak surface reconstruction reflections. 


in a controlled fashion. Spectra from regions labelled P1-P6 in the 
HAADF image (Fig. 1) thus provide a constant contribution of the 
surface signal at each thickness while the bulk component varies sys- 
tematically. The Ti Lz 3-edge and O K-edge EEL spectra were acquired 
and used to probe the surface electronic structure, for the following 
two reasons. First, their major peaks are sensitive to local physical and 
chemical environments, including oxidation state and crystal-field 
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effects''. Second, EEL signal intensity is linearly related to the local 
thickness of the specimen under the single inelastic electron scattering 
condition in the samples studied in our work. In fact, the thickness in 
the thickest area (point P6), 60 nm, is considerably smaller than the 
total inelastic mean free path (>100 nm). As a consequence, multiple 
inelastic scattering is negligible in this region of the spectrum, as also 
demonstrated by the very similar shape of all spectra in the series for 
the energy window corresponding to the continuum past the edge 
threshold (Fig. 2a). 

To optimize background subtraction and thus obtain the ionization 
edge alone, a Matlab code, based on maximum likelihood estimation”, 
was developed and applied to original data sets, providing unbiased 
and minimum mean-square error estimates of all parameters for the 
power-law background model. Furthermore, extraction of the surface 
signal from the EEL spectra demands accurate alignment of all 
recorded spectra along the energy-loss axis and re-normalization of 
the signal on account of changing thickness and the variation in inci- 
dent electron beam intensity over time. Under the reasonable assump- 
tion of dominating bulk signals, EEL spectra were precisely aligned in 
relation to major features of the bulk EEL spectra. Additionally, EEL 
spectra were normalized to the continuum past the edge (about 15 eV 
above the threshold), which is largely insensitive to bonding variations 
but proportional only to the number of atoms excited by the electron 
beam and to the electron beam current within the single inelastic 
scattering regime. 

As shown in Fig. 2a, the Ti L,,,-edge spectra show a decrease in 
intensity with decreasing thickness, particularly of the e, peaks. This 
could indicate that, based on the Pearson ratio'’, the bonding configu- 
ration of Ti gradually changes as the sample thickness decreases (and 
the surface component increases relative to the bulk). (The Pearson 
ratio quantitatively describes the intensity ratio between the white-line 
intensity (the sum of e, and tz, intensities over the L3 and L; lines) and 
the continuum past the edge as a monitor of 3d-orbital occupancy.) 
This is accompanied by a slight broadening of the spectral features, as 
evidenced by the broader tails of the eg and tz, features. This broad- 
ening is associated with an increase of the surface signal weight. 
Additionally, the position of the e, peaks exhibits a red-shift with 
decreasing thickness, probably owing to the surface re-organization 
of ionic positions. These changes in the edge shape, so close to the edge 
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least-squares method, and coefficients for the surface spectra were deduced in 
line with the thickness measurements. 
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threshold, cannot be attributed to multiple inelastic scattering effects. 
As shown below, all these spectral changes are due to the surface re- 
organization of the atoms. 

The experimental Ti L2,3-edge spectra were treated as linear combi- 
nations of surface and bulk signals as a result of an effective single 
inelastic electron scattering condition. Precise evaluation of the local 
thickness associated with individual EEL spectra was achieved through 
two complementary techniques: low-loss EEL spectra for thick regions 
(~>40 nm) and position-averaged convergent beam electron diffrac- 
tion (PACBED)" images for very thin samples. A linear least-squares 
fitting method was used to extract the surface and bulk signals for 
individual energy intervals where the coefficients were deduced from 
the thickness measurements. As shown in Fig. 2b, the isolated bulk 
signal fits the standard SrTiO; Ti L23-edge spectrum perfectly, 
whereas the isolated surface component has significantly broader fea- 
tures that could either be attributed to a reduction of Ti (ref. 15; that is, 
Ti’ *) or/and changes in the coordination’® of the Ti** cations located 
at the surface. Similar conclusions can be drawn when applying this 
numerical decomposition to the O K-edge spectra. As expected, the 
isolated bulk component completely matches the standard SrTiO; O 
K-edge spectrum. The isolated surface signal is consistent with the 
bonding of titanium and strontium cations with oxygen anions 
(Fig. 2d). The titanium-—oxygen hybridization, reflected by the broad- 
ening of peak A (corresponding to the unoccupied Ti 3d (t2,)-O 2p 
bands) and peak B (representing the unoccupied Ti 3d (e,)-O 2p 
bands), suggests strong distortions of the Ti coordination octahedra. 
These distortions are possibly due to a reduction of the local coordina- 
tion, or to more prominent O-O interaction”, or both. It should be 
noted that the shape of the surface spectra shows features also consis- 
tent with the appearance of oxygen vacancies, as demonstrated in ref. 18. 

To gain insight into the origin of these spectral changes, we inves- 
tigated the local atomic arrangement of the reconstructed surface using 
atomic-resolution HAADF (Z-contrast) images at the edge of the thin 
foil; we made the reasonable assumption that the pattern formed at the 
edge of the TEM foil should be exactly the same as the pattern on the 
surface (these would be exactly the same {001} crystallographic 
planes). Surface steps with heights corresponding to one unit cell are 
visible at the edge of the foil (Fig. 3a, b). Although the length of these 
steps appears to be inconsistent with the dimension of the terraces seen 
from the plan-view image, this length and the step height of terraces 
vary as a result of different inclination angles with respect to the {100} 
planes, which is 1.4° on the surface but 9° at the edge. The STEM- 
HAADF and simultaneous bright-field images show that the Ti-O 
columns are unperturbed, whereas the very topmost layer shows a 
significant rearrangement (see red arrows in Fig. 3a and b). We 
observed that a few (edge) atoms have shifted from their regular lattice 
positions, suggesting that some reconstruction, up to few atoms high 
above the reconstructed (100) monolayer, occurs. These displaced 
atoms are also visible as rows (individual atoms would not be visible). 
The experimental measurement of the spacing between the topmost 
and subsurface layer is roughly 2.4 + 0.1 A, significantly larger than 
the normal (100) plane spacing of 1.9 A. The above measurements are 
in fairly good agreement with the proposed atomic model of Erdman et 
al. (type B)’, this being the more energetically favourable model 
deduced from density functional theory (DFT) calculations. On the 
basis of the same atomic model’, simulated HAADF images from both 
[010] and [001] view directions are consistent with the present experi- 
mental profile image (as shown in Fig. 3c), which shows a row of tightly 
spaced atoms on the topmost layer and occasional isolated pairs of 
atoms sticking out from the surface. Because the experimental image 
represents a combination of viewing edge directions that cannot be 
identified from the projection alone, we are unable to ascertain further 
information from imaging beyond extracting the expansion of the 
subsurface layer. 

To elucidate the origin of the peculiar Ti L. spectral features 
observed at the surface on the basis of the structural model proposed 
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Figure 3 | High-resolution images. a-c, Bright-field (a) and HAADF 

(b and c) images of the typical edge of the surface-reconstructed sample. Red 
and blue arrows identify the topmost atomic layer and the subsurface Ti-O 
atomic layer, respectively. Inset, higher-magnification view of the edge of the 
sample. d, e, Simulated HAADF images using the multi-slice method” with 
view directions of [010] (d) and [001] (e); simulations were performed using 
data from a detailed atomic model*. The simulation box contains 11,520 atoms 
within a supercell of 31 A X 31 A X 312A. Fairly good agreement is achieved 
between the simulation (d and e) and the experimental HAADF image after 
applying singular value decomposition (c) to reduce the noise and highlight the 
surface features. 


above, we have performed crystal-field multiplet calculations using the 
code developed by Uldry and co-workers’. In contrast with conven- 
tional ligand-field multiplets” with freely controllable crystal-field 
parameters, this recent approach relies on a crystal field constructed 
numerically from the positions and charges of the surrounding atoms, 
which proves particularly useful for low-symmetry surface environ- 
ments. We have calculated individual Ti L2,3-edge spectra of all inequi- 
valent Ti ions present in the topmost (two such Ti inequivalent sites) 
and subsurface (three inequivalent sites) layers, and summed them 
according to their actual stoichiometric ratio. A good convergence of 
calculated multiplet levels and spectra has been achieved with clusters 
of about 500 ions generated from the structural model, including both 
the atomic positions deduced from DFT? and the related empirical 
bond valence charge also deduced from this model’. Scaling of the 
intra-atomic Coulomb interactions, spin-orbit coupling and crystal- 
field strength have been kept constant and equal to the SrTiO; bulk 
values'®, so these can be considered parameter-free calculations. To 
account for the core-level shift due to the changes in coordination’®, 
the topmost surface spectra were shifted down in energy (around 
0.65 eV) with respect to the subsurface spectra. As shown in Fig. 4a, 
TiL, 3-edge spectra keep their bulk spectroscopic signature, even from 
the monolayer closest to the reconstructed surface, which confirms the 
origin of the experimental surface EELS. It is also worth noticing that 
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Figure 4 | Crystal-field multiplet calculations of Ti L,;-edge EEL spectra. 
The structural model used to generate the crystal field is the same as that used in 
Fig. 3. a, Calculated EEL spectrum for the ideal bulk and the closest monolayer 
to the reconstructed surfaces. b-d, Calculated EEL spectra for the subsurface 
layer (b), the topmost layer (c), and surfaces (d) containing all non-equivalent 
Ti surface ions. 


the separate topmost spectra (Fig. 4c) show strong similarities with 
experimental signatures of five-fold-coordinated Ti** (ref. 16). Very 
good agreement is achieved between the simulated surface spectrum 
(Fig. 4d) based on a c(4 X 2) recontruction® and the numerically 
extracted experimental surface component. This suggests that the 
experimental surface signature can be interpreted as that of Ti** in 
both five-fold and six-fold coordination polyhedra, taking account of 
local distortions and changes in bond ionicities, and is not due to a 
simple reduction of this cation. 

We have provided an experimental spectroscopic signature of the 
change of crystal field and bonding of titanium cations located in the 
subsurface and topmost layer of the reconstructed (001) SrTiO; sur- 
face, together with a high-resolution profile image of the reconstructed 
surfaces; these surfaces consist of distorted TiO, octahedra and dis- 
torted square-pyramidal TiOs, which are generally consistent with the 
most stable atomic structure reported from DFT simulations’. More 
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importantly, we have reported here an experimental approach to 
accessing the surface electronic structure of insulating oxides, by com- 
bining structural information on displacements as provided by atomic 
resolution images, which together provide a comprehensive and com- 
plementary picture of the bonding and reconstruction of the surface. 
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Coastal eutrophication as a driver of salt marsh loss 
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Salt marshes are highly productive coastal wetlands that provide 
important ecosystem services such as storm protection for coastal 
cities, nutrient removal and carbon sequestration. Despite protec- 
tive measures, however, worldwide losses of these ecosystems have 
accelerated in recent decades’. Here we present data from a nine- 
year whole-ecosystem nutrient-enrichment experiment. Our study 
demonstrates that nutrient enrichment, a global problem for 
coastal ecosystems”, can be a driver of salt marsh loss. We show 
that nutrient levels commonly associated with coastal eutrophica- 
tion increased above-ground leaf biomass, decreased the dense, 
below-ground biomass of bank-stabilizing roots, and increased 
microbial decomposition of organic matter. Alterations in these 
key ecosystem properties reduced geomorphic stability, resulting 
in creek-bank collapse with significant areas of creek-bank marsh 
converted to unvegetated mud. This pattern of marsh loss parallels 
observations for anthropogenically nutrient-enriched marshes 
worldwide, with creek-edge and bay-edge marsh evolving into mud- 
flats and wider creeks*’. Our work suggests that current nutrient 
loading rates to many coastal ecosystems have overwhelmed the 
capacity of marshes to remove nitrogen without deleterious effects. 
Projected increases in nitrogen flux to the coast, related to increased 
fertilizer use required to feed an expanding human population, may 
rapidly result in a coastal landscape with less marsh, which would 
reduce the capacity of coastal regions to provide important eco- 
logical and economic services. 

An accelerated global nitrogen cycle’” has greatly increased the flow 
of reactive nitrogen (primarily as NO; _) from land to coastal marine 
ecosystems, causing harmful algal blooms, hypoxia and fisheries 
losses**. Salt marshes occupy a critical interface between the land 
and the sea, where they provide important ecological and economic 
services, such as nutrient removal, storm protection for coastal cities 
and carbon sequestration, and habitats for numerous species of fish, 
birds and invertebrates. It is thought that salt marshes can protect 
coastal bays by removing land-derived nutrients”, a conclusion based 
on measures of whole-system nutrient budgets’’’? and plot-level 
experiments in which added nutrients were transformed into greater 
above-ground plant production (primarily cordgrass Spartina spp.) or 
denitrified*. Globally between a quarter and half of the area of the 
world’s tidal marshes has been lost, and although multiple factors (sea- 
level rise, development, loss of sediment supply) are known to contribute 
to marsh loss', in some locations the drivers remain unexplained. 
Understanding the mechanisms underlying the continued loss of this 
ecologically and economically important ecosystem is a global priority. 

Here we present an ecosystem-level experimental approach to 
understanding how the intertwined responses of plant biomass alloca- 
tion, microbial decomposition, and geomorphic stability to coastal 
nutrient enrichment may drive salt marsh loss. For nine years (2004- 
2012) we have enriched multiple whole-ecosystem marsh landscapes to 
nutrient levels that correspond to moderately-to-highly eutrophic waters 
by adding dissolved nutrients to flooding tidal water'’. Approximately 
50%-60% of the added NO; was processed (assimilated or denitrified) 


in the nutrient-enriched systems; the remainder was exported in 
ebbing tidal water’’. The large scale of this experiment, which included 
creeks, mudflats, tall-form smooth cordgrass (Spartina alterniflora) at 
the creek-channel edge and saltmeadow cordgrass (S. patens) in the 
high marsh, has revealed interactions that would not be apparent from 
plot-level experiments in individual habitats. 

Nutrient enrichment may invoke a series of positive feedbacks by 
altering ecosystem processes that affect below-ground dynamics and 
creek-bank stability, leaving marshes more susceptible to the erosive 
forces of storms and sea-level rise and gravitational slumping. In less 
than a decade, a cascade of changes induced by nutrient enrichment 
resulted in loss of low marsh along the creek-bank edge (Fig. la—f) and 
a corresponding loss of ecosystem function. Smooth cordgrass along 
the creek-bank edge responded to nutrient enrichment with increased 
above-ground biomass expressed as heavier, taller shoots (Fig. 2a), 
lower structural compounds (decrease of about half in foliar lignin), 
and increased N content (Table 1), with response ratios comparable to 
plot-level nutrient-enrichment experiments*"*. Increased plant height 
coupled with less structural tissue caused more extensive areas of smooth 
cordgrass to fall over (lodge)—a well-known response to over-fertilizing 
grasses'*. Using permanent transects and high-precision global position- 
ing system (GPS) mapping across the elevation gradient, we found no 
evidence (D.S.J., R.S.W. and L.A.D., manuscript in preparation) for the 
hypothesized shift in the up-elevation boundary between S. alterniflora 
and S. patens in response to nutrients!*. In nutrient-enriched marshes, 
smooth cordgrass allocated less photosynthate to nutrient-gathering 
roots and storage rhizomes, resulting in a third less total below-ground 
biomass and a lower root:shoot ratio (Fig. 2b, c). Two smooth cordgrass 
growth attributes, a highly plastic above-ground/below-ground alloca- 
tion’® and foliar uptake of NO3_ (ref. 17), contribute to the reductions in 
total below-ground biomass observed in nutrient-enriched marshes. 

The continuous availability of high NO3~ in the water and more 
decomposable marsh grass detritus (due to higher N content and lower 
lignin) increased decomposition rates (Table 1). Whole-ecosystem 
nitrate removal was 40 times higher in the nutrient-enriched marsh 
and was primarily attributable to microbial use of the added NO; to 
decompose organic matter’’. Potential denitrification—an indicator of 
anaerobic microbial decomposition using nitrate as an electron 
acceptor with the end product being Nz gas—increased 1.7-fold in 
creek bank sediments, while litter respiration—a measure of aerobic 
microbial decomposition—almost doubled (1.9-fold). Denitrification 
is the highest energy-yielding decomposition process in anoxic marsh 
sediments and is favoured in the presence of high nitrate*. Accelerated 
decomposition increased the fraction of fine detrital organic matter, 
with 65% of the cores from nutrient-enriched creeks having a higher 
percentage of fine organic matter. As a result, the fine-grained, less- 
consolidated creek banks retained more water at low tide (Fig. 2d). 

The combination of fewer roots and rhizomes, drag by tidal currents 
on lodged plants, more decomposed organic matter and higher water 
content undermines the structural integrity of the creek bank such that 
the effects of standard physical forces become enhanced. Loss of roots 
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Figure 1 | Comparison photos of the marshes from the ecosystem nutrient-enrichment experiment. a-c, Reference. d-f, Nutrient-enriched. Photo credits: 
a, b, d and e, L.A.D.; c and f, Google Earth (19 June 2010 image, copyright 2012 Google). 


and rhizomes (which bind sediments and provide drainage macro- 
pores) and loss of large organic matter particles (which form air pockets 
that can help drain creek banks) both contribute to increased creek- 
bank water content'®. The higher pore water pressure in the bank 
reduces the frictional shear strength of the soil and increases the sliding 
force by adding weight to the creek bank”’. At low water, the weight of 
the saturated bank exceeds the cohesive forces holding it together, the 
top of the bank cracks and creek-bank sections slide downward by 
gravitational slumping'*. The structural failure of the creek edge 
implies that tidal forces, which under non-eutrophic conditions can 
be withstood, overcome the lowered cohesive strength of the nutrient- 
enriched bank habitat. Cracks developed over time with nutrient 
enrichment (Fig. 2d), and after seven years of enrichment, there were 
more (threefold) and longer (4.5-fold) fractures at the top of the bank 
parallel to the creek (Table 1) and large blocks of low marsh slumped 
into the creek (Fig. 2e). Without the buttressing edge of low marsh, 
high-marsh turf sheared from the sediment at the base of the active 
rooting layer creating ‘toupees’ that slid down slope into creek channels 
(Supplementary Fig. 1), tripling the area of bare mud over time 
(Table 1). The average width of the band of tall S. alterniflora along 
the creek edge decreased from approximately 3 m to approximately 
2m wide and became highly reticulated (Fig. 1c versus Fig. 1f; Fig. 2e) 
in nutrient-enriched systems. High-resolution measurements of 
channel cross-sections between the fifth and eighth years of enrich- 
ment indicate that the maximum erosion rate of creek banks was 
0.2 m* per year per metre of channel length. Loss of marsh along creek 
channel edges contrasts sharply with models that suggest that higher 
above-ground plant biomass in response to nutrients would in turn 
trap more sediment and stabilize marsh edges relative to sea-level 
rise. Slumping and cracking leads to a positive feedback, with 
increased infiltration by nutrient-rich water into sediments, which 
stimulate microbial decomposition of peat and further weakens sedi- 
ments. As nutrient-enriched creek banks collapse and retreat, channels 
widen, increasing the unvegetated intertidal area at the expense of 
vegetated marsh. 


The generality of our whole-ecosystem experiment is supported by 
extensive process work in small marsh fertilization plots and in anthro- 
pogenically nutrient-enriched estuaries. From Louisiana to Nova 
Scotia, nutrient enrichment has been shown consistently to increase 
above-ground plant biomass'*’*, mainly to decrease but sometimes 
not to change below-ground biomass'*”*~* and to increase decom- 
position”*°. The decomposition response might be expected to be 
stronger in Northern marshes with a high percentage of organic matter, 
but because the organic content of our creek-bank marsh is in the 
middle of the range for Atlantic coast marshes (Methods), we expect 
our decomposition response is typical. The combination of root loss 
and increased decomposition can decrease soil strength’®. The develop- 
ment of cracks that lead to marsh loss has been approximately linear 
over the initial nine-years; however, this is a process that will play out 
over decades. Much uncertainty remains about whether this process 
of marsh loss is self-limiting, because creek banks may eventually 
be stabilized by the decrease in slope steepness from slumps, or self- 
reinforcing owing to fractures facilitating the seepage of nutrient- 
enriched water into the bank and stimulating decomposition. Other 
local environmental factors (such as tidal range, temperature and sedi- 
ment deposition) may modify the effects of nutrients on ecosystem 
processes. Therefore, understanding the whole-ecosystem response to 
nutrient loading across broad environmental gradients and longer 
timescales requires more experimental ecosystem-level studies. 

Many salt marshes may be at risk, because nutrient fluxes to the 
coast have increased worldwide, with the largest increases in N flux 
occurring at coastlines with large areas of intertidal marshland in the 
temperate zones of eastern North America, Europe and eastern China 
(Fig. 3a). A recent survey”’ documented 415 eutrophic coastal systems 
of concern worldwide, and found that only 13 systems were in recovery. 
There is evidence that salt-marsh loss in Europe’ and along the Atlantic 
coast of the United States °’ may be driven, in part, by anthropogenic 
nutrient enrichment. Along Long Island Sound, Connecticut, USA, 
coincident with increased total N in runoff, several marshes lost 27%- 
54% of their low marsh (Fig. 3b), but very little high marsh, resulting 
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Figure 2 | Ecosystem attributes of reference and nutrient-enriched salt 
marshes after up to 7 years of nutrient enrichment. a-c, Plant attributes. 
a, Annual response ratio (nutrient-enriched/reference) for above-ground shoot 
attributes. Responses were comparable to other marsh nutrient-enrichment 
studies along the North American Atlantic coast and, as is typical in marshes, 
the strength was variable from year to year (green indicates average values of 
fertilized marshes greater than reference marshes, n = 6 per year; solid green 
line is shoot specific mass; dashed green line is shoot height; points above the 
response-ratio of 1.0 (horizontal black line) indicate increased growth in 
response to fertilization in that year). b, Below-ground root and rhizome 
biomass in reference (open circles) and nutrient-enriched (solid green squares) 


marshes (2010; m = 20 per treatment). c, The above-ground to below-ground 
plant biomass ratio (nm = 20 per treatment). d-f, Creek-bank geotechnical and 
geomorphic attributes. d, Vertical profile of percentage water content in 
reference (open circles) and nutrient-enriched (solid green squares) marsh 
creek-bank sediments with depth (2010; n = 20 per treatment). e, Fracture 
density in high marsh plotted against years of nutrient enrichment. Annual 
means are shown for reference (open squares), the start of enrichment in 2009 
(solid squares) and the start of enrichment in 2004 (solid circles). f, Number of 
low-marsh creek-bank slumps in the channel in reference (open bars) and 
nutrient-enriched (solid green bars) marshes (2010; n = 2). Values are all 
mean = standard error. 


Table 1 | Response of salt marsh ecosystem properties to chronic nutrient enrichment 


Ecosystem properties Response ratio Mean (standard error) P-value 
Reference Nutrient 
Vascular plants 
Shoot height (cm)* 41 146 (3) 154 (2) 0.04 
Shoot mass (g)* 1.2 6.18 (0.28) 7.18 (0.18) 0.01 
Shoot specific mass (g cm™!)* Lj 0.042 (0.002) 0.046 (0.001) 0.02 
Lodging (%) 0 (0) 41 (2) <0.001 
Foliar N (%)* 1.1 1.43 (0.08) 1.54 (0.09) <0.001 
Lignin (%)*** 0.6 30 (7.5) 17 (1.6) 0.07 
Below-ground biomass (gm °) 0.7 579 (60) 387 (64) 0.08 
Creek geomorphology and sediment geotechnical properties 
Fracture density (number per 50 m of creek edge)** 3 1.1 (0.2) 3.3:(0:7) <0.001 
Amount of creek bank with fractures (%)** 4.5 6.6 (0.7) 29.5 (2.6) <0.001 
Fracture length (m)** 45 3.3 (0.4) 14.7 (1.7) 0.002 
Exposed mud area (%)** 3 ISL) 22.8 (4.6) 0.004 
Total number of slumps in channel per creek 21 19.0 (1.0) 40.5 (11.5) 0.07 
Fine organic matter (%) Wd 16.1 (1.9) 26.7 (4.5) 0.17 
Water content (%) 04 56.2 (0.4) 58.5 (0.1) 0.02 
Channel width/depth ratio 3 3.02 (0.11) 3.86 (0.02) <0.001 
Microbial decomposition processes 
Plant litter respiration PS 1.29 (0.12) 2.49 (0.33) 0.04 
(COz g *S™*) 
Potential denitrification in creekbank sediment al 40.7 (7.9) 70.8 (6.3) 0.01 


(nmol gh })*** 


A response ratio (nutrient-enrichment/reference) greater than one indicates a positive response to nutrient enrichment. P-values indicate the effect of nutrient enrichment on response variables; see ‘Statistical 


summary’ in Methods. Means (+s.e.m., standard error of the mean) were calculated from the 


lata averaged by creek each year (N = 2 for nutrient-enriched and N = 2 for reference, except where noted). *Means 


(+s.e.m.) calculated from data averaged by creek and pooled across seven years of data. **Means (+s.e.m.) calculated from long-term nutrient-enriched and reference data averaged by creek and pooled across 
two years (2009 and 2010) of data. ***Data averaged across subplots within creeks (N = 1 per treatment). 
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Figure 3 | The global relationship between nutrient loading and salt-marsh 
distribution and loss. a, The spatial distribution of the ramping up of 
anthropogenic nitrogen loading (dissolved inorganic nutrient (DIN) fluxes) 
from continents to coastal oceans from the pre-industrial period (1800s) to the 
contemporary period compared to global locations of salt marshes. 


in wider creeks and increased mudflat area over the last three decades’. 
In Jamaica Bay, New York, USA, the rate of creek and open-bay-edge 
marsh loss in the 1990s was almost double that of the previous four 
decades (134 km” yr ' versus 72 km? yr ') and the timing corresponds 
to an increase in total nitrogen loading (up to 80 4M open-bay total 
dissolved N) from sewage inputs®. Jamaica Bay marshes also have 
reduced root and rhizome mass and more degraded sediment”, similar 
to our experimentally nutrient-enriched marshes. 

The loss of creek-channel marsh banks is particularly significant 
because it is the most productive marsh zone and a critical area for 
regulating (C storage and N removal) and provisioning (fisheries) eco- 
system services. Below-ground plant productivity disproportionately 
contributes to detrital organic matter in a wide variety of ecosystems”, 
suggesting that the measured reduction in below-ground allocation 
may decrease the C storage potential of marshes. Marshes along creek 
channel edges are hotspots for denitrification with rates of N removal 
fivefold to tenfold higher than mudflats”, suggesting that marsh con- 
version to mudflat decreases the ability of the coastal landscape to 
remove N from tidal waters. Considerable research shows the impor- 
tance of the creek marsh edges in providing shelter and food to juvenile 
fish and shrimp*™”', so the loss of marsh-edge habitat may ultimately 
negatively affect fisheries production. 

Simultaneous increases in nutrient loading and in sea-level rise may 
result in synergistic marsh loss greater than the effects of either stressor 
alone. For example, the higher wave energy and flow velocities asso- 
ciated with sea level rise’? when combined with decreased creek-bank 
stability induced by nutrient enrichment may accelerate erosion and 
creek-bank loss. The drowning of high marsh due to sea-level rise and 
loss of creek-edge marsh due to eutrophication, especially when exa- 
cerbated by upland development that limits the ability of marshes to 
move inland, may lead to a coastal landscape with a dramatically reduced 
capacity to provide important ecological and economic services. N flux 
to the coastal zone has already increased at least tenfold over pre- 
industrial levels and is projected to continue to increase as we ramp 
up fertilizer use to produce food for the expanding human population 
over the next few decades’”’. The potential deterioration of coastal 
marshes due to eutrophication adds an unanticipated dimension to 
the challenge of managing nitrogen while meeting food production in 
the twenty-first century. 
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b, Conversion of low marsh to mudflat in six nutrient-enriched Long Island 
Sound estuaries’” (see box in a indicating location of b). Substantial loss of low 
marsh (solid line), smaller loss of high marsh (dotted line) and increase in mudflat 
(dashed line) area over time correlates with increased nutrients from sewage 
treatment plants and runoff from land. Values are mean + standard error. 


METHODS SUMMARY 


We enriched primary tidal creeks in Plum Island Estuary, Massachusetts, USA, to 
nutrient levels corresponding to moderately-to-highly eutrophic coastal waters by 
adding N and P to the twice-daily flooding tides for nine years (2004-2012) during 
the growing season (about 120days, 15 May-15 September), enriching about 
30,000 m? of marsh per experimental primary creek system (N = 2 enrichment 
started in 2004, N = 1 started in 2009, reference N = 2-6)'*. Initial measurements 
(1998-2003) found few differences among tidal creeks'*, and other potential drivers 
did not differ among treatment marshes or do not occur in the Plum Island Estuary 
(Supplementary Information). 

To detect changes in plant biomass allocation, the height, dry weight, and 
quality (percentage N, lignin content) of Spartina alterniflora above-ground 
shoots were measured and below-ground cores were analysed for live roots and 
rhizome biomass. Cores were also analysed for sediment geotechnical properties 
(water content, percentage organic matter and particle size). To determine 
changes in creek geomorphology, fractures in the vegetated marsh platform were 
enumerated along 250-300 m of creek banks and point-intercept transects indi- 
cated the presence or absence of vegetation in the creek bank. Creek-bank blocks 
that had slumped into tidal creeks were enumerated and creek width, depth and 
erosion measured over time using a ‘total station’ and high-precision GPS surveys. 
Microbial decomposition was measured as potential denitrification in the creek 
bank and microbial respiration of surface litter. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Site description. Our study was conducted in primary tidal creeks'*"***** in the 
Plum Island Estuary in northeastern Massachusetts (42° 45’ N; 70°52’ W). The 
Plum Island Estuary is a salt-marsh-dominated system that is currently unaffected 
by nutrient enrichment’’. The system has twice-daily tides (mean tide range 2.9 m; 
20-33 p.s.u.). Of the total estuarine area of 59.8km*, approximately 39.8 km? 
is vegetated wetlands, most of which is classic Spartina salt marsh**”*. Spartina 
alterniflora (tall-form smooth cordgrass: 130-200 cm in height, approximately 
1,100gm “yr! above-ground production) forms a twice-daily flooded 2-3-m- 
wide low marsh band along tidal creek channels. Spartina patens (saltmeadow 
cordgrass: 20-50cm in height, approximately 600gm~*yr_' above-ground 
production) dominates the high marsh platform and is flooded by around 25% 
of high tides. On creek banks and bayfronts S. alterniflora occupies the top half of 
the mean tide range. S. alterniflora stems trap inorganic sediment, building steep 
creek channel banks of cohesive sediment (around 15% organic matter, with the 
mineral component composed of 58% silt, 25% clay and 16% sand), while below- 
ground roots and rhizomes (80% of root biomass in the top 20cm, with some 
rhizomes over 1 m in depth) provide fibrous material that binds sediment and 
stabilizes the marsh edge’. The percentage of organic C in the sediments of our 
creek-bank marshes (7% organic C; 15% organic matter) is in the middle of 
the range for salt marshes along the Atlantic and Gulf coasts of North America 
(~1-28% organic C, with most marshes in the 6-15% range)”. S. patens contri- 
butes to marsh elevation principally by below-ground biomass (80% of roots and 
rhizomes are in the top 10 cm) accumulation in the form of peat. 
Nutrient-enrichment experiment. Our experiment differs from others in four 
important ways. (1) Nitrogen was added as nitrate (NO3_), the form that domi- 
nates land-derived N, contributing to coastal eutrophication and that is used 
directly as an electron acceptor in decomposition processes. (2) Nutrients were 
added directly to flooding tidal water to mimic the most important way in which 
anthropogenic nutrient loading is delivered to tidal marshes. Dissolved nutrients 
carried in water will interact and reach parts of the ecosystem differently from dry 
fertilizer. Previous plot-level salt-marsh nutrient-enrichment studies’ used dry 
fertilizer (typically urea or NH,NO3;) sprinkled approximately bi-weekly to 
monthly on the surface of small plots (typically <5 m7) and were generally not 
conducted in tall, creek-bank S. alterniflora environments. Tidal water is the pri- 
mary vector for N delivery to coastal marshes, suggesting that if mode (dissolved in 
water versus dry surface application) and type of N (NO; versus NH,") are 
important in determining ecosystem response to nutrient enrichment, previous 
experiments may not be sufficient for determining how salt marshes respond to 
coastal nutrient enrichment. (3) We conducted a long-term (nutrient enrichment 
began in 2004) ecosystem manipulation experiment in which marsh landscapes 
were nutrient-enriched to levels corresponding to moderate to highly eutrophic 
coastal waters". Our NO; enrichment target of 70-100 14M NO; (added as 
NaNOs) was 15 times the Plum Island background (<5 uM NO; _) and the PO, — 
(added as NaH,PO,) target of 5-7 1M was 5 times the background (~1 1M 
PO,° ). This was approximately a 15:1 N:P ratio in flooding creek water. (4) 
We conducted an ecosystem-level experiment consisting of experimental marsh 
units (n = 6; 3 reference and 3 nutrient-enriched) comprised of first-order creeks 
(about 300 m long and 15 m wide at the mouth, tapering to 2 m near terminus) and 
about 30,000 m? of cordgrass marsh area, thus allowing us to examine interacting 
habitats in the marsh ecosystem (creek channels, mudflats, creek-bank low marsh, 
and high marsh) and examine the response of plants, animals, biogeochemical 
processes and landscape-level geomorphic processes. Other factors did not 
differ among treatment creeks (Supplementary Information). Analysis of baseline 
characteristics before experimental manipulation (1998-2003) found little difference 
among the experimental marsh systems'*. The primary comparisons are among 
two long-term (7 years by the end of 2010) nutrient-enriched (N1, N2) marshes 
and two reference (Rl, R2) marshes that have been intensively monitored. 
To provide a time series of geomorphic change, we include data from a third 
nutrient-enrichment marsh (N3) that was started in 2009. 

Measurements. This is a multi-year nutrient enrichment experiment, and not all 
response variables reported here were measured in each year. Some responses to 
enrichment were unanticipated (for example, rapid geomorphic changes) and so 
measurements were not taken before manipulation and sometimes only a single 
season of data is available. The nature of the different data sets with different time 
series of collections necessitated various statistical analyses (detailed below). 
Above-ground plant responses. Above-ground measurements of creek-bank 
S. alterniflora were taken in creeks R1, R2 and N1, N2 in years 1-7 of nutrient 
enrichment. Individual plant shoot length (cm), shoot mass (g dry weight) and 
shoot-specific mass (g dry weight cm’) of creek-bank S. alterniflora were mea- 
sured at the end of the growing season (mid-August) on individual shoots (18-25) 
at three sites within each creek (n = 54-75 shoots per treatment creek per year). 
Each shoot was individually washed to remove sediments, measured for length, 
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dried at 80°C to a constant mass and weighed. Leaf tissue from 3-5 leaves from 
each site was ground and analysed for percentage nitrogen using a PerkinElmer 
2400 Series II CHNS/O analyser (nm = 4-8 per creek per year). 

In year 5 of nutrient enrichment, lignin (as a percentage of the ash-free organic 
content) was determined on composite samples of 3-5 shoots from three sites 
within creeks R1 and N1 as acid-insoluble fractions using a two-stage digestion in 
sulphuric acid*’. 

Plant lodging was surveyed at the end of the season after peak production in N1, 
N2, R1, R2 and four additional reference creeks in nutrient treatment year 4 (N = 2 
for nutrient enrichment and N = 6 for reference). Surveys were completed on 
10-m sections every 50m from the 0-m mark to 300m landward. Each section 
classified into a lodging class (0-5, 5-15, 25-50 and >50% of plants in the area 
lodged) for a sampling effort of n = 16-26 sections per creek. 

Below-ground responses. Below-ground biomass, organic matter and water 
content were determined by coring (1 = 10 per creek, 10 cm diameter, taken to 
a depth of about 0.5 m; creeks R1, R2, N1, N2) in treatment year 7 (2010). Cores 
were sliced into sections (0-5, 5-10, 10-20, 20-30, 30-40 cm), sub-samples were 
taken for determination of percentage water (a small syringe core in each section), 
and the remaining material was separated by sieving into two size classes of dead 
organic matter (large >3 mm; fine <3 mm and >1 mm) and live below-ground 
biomass (roots and rhizomes). Sediment geotechnical properties (percentage 
water was determined as mass loss after drying a known volume of sediment at 
105°C for 24h; percentage fine organic matter was taken to be detritus greater 
than 1 mm but less than 3 mm in size) were determined on cores taken for below- 
ground plant biomass. For statistical analysis (see ‘Statistical Summary’ below), we 
focused on the top 20 cm of the cores. 

Microbial decomposition processes. Total microbial production in surficial sedi- 
ments was 54% higher*® (years 1 and 2) and potential denitrification on the high 
S. patens marsh was higher” (year 3) than in the reference systems. To determine 
whether microbial denitrification was also increased in creek banks, potential 
denitrification** was measured on sediment slurries—at the surface (0-5 cm) 
and deep (5-10 cm)—from creek-bank cores from three sites in creeks R1 and 
N1 in year 5 of nutrient enrichment (n = 3 per depth per creek). 

To determine whether plant litter decomposition was accelerated, in year 7 
plant litter respiration was measured. Respiration was measured from decomposing 
litter from litterbags (15 g dry weight of S. patens; 1 mm mesh size) placed flush on 
the high-marsh (S. patens) surface in nutrient enrichment (N1, N2) and reference 
(R1, R2) creeks. Nutrient enrichment stimulated detritivore snail densities** and 
therefore to account for the effect of detritivore density on decomposition, litter- 
bags were manipulated to have snail densities of 0, 1, 2, 4 or 8 times the reference 
creek densities (n = 5-8 litterbags per creek). After 5 weeks, microbial respiration 
(CO, g's’) of 2-3 of litter from the litterbags was measured using a LI-6200 
Portable Photosynthesis System. 

Creek-bank fracture density and vegetation loss. These measurements were 
taken during the growing season in creeks R1, R2 and N1, N2 in years 6 and 7 
of nutrient enrichment. Fractures, defined as a visible break in the high marsh 
(S. patens-dominated) turf that parallels the creek channel (Supplementary Fig. 1) 
within 3m of the S. alterniflora/S. patens border were measured early in the 
growing season before cordgrass growth obscured these features. Both sides of 
each creek were sampled for fractures in contiguous 50-m segments from the 0-m 
mark to 200-m landward. The number of fractures and their characteristics 
(length, width and depth of fracture) were recorded within each segment. In these 
same segments, percentage exposed sediment (mud) area was determined by 
point-intercept transects in the middle of the growing season, when the grass 
canopy was fully developed, at 1-m increments. The soil surface 1-m perpendicular 
and creekward of the S. alterniflora/S. patens border was scored as ‘vegetated’ (with 
S. alterniflora culms within a 30-cm-diameter circle of the point) or as ‘bare mud’ 
(without S.alterniflora). The fraction of points unvegetated within each 
50-m segment was considered a single observation. For fracture density, fracture 
length, percentage fractured and percentage exposed mud, each 50-m segment 
(4 per channel side, 2 sides) was considered an individual observation, thus pro- 
viding n = 8 observations per creek per year. This was also done for the third 
enriched and reference creeks (R3, N3) in years 1-4 of enrichment. 

Creek-bank and channel structure. High-resolution total station surveys of 
reference (R1, R2) and nutrient-enriched creek channels (N1, N2) and banks were 
performed in years 5 (2008) and 8 (2011) of the nutrient-enrichment experiment. 
We initially measured 43 cross-sections in enriched creeks and 38 in the reference 
channels, with 10-20 points per cross-section, depending on the morphological 
complexity of the cross-section. Twenty-six cross-sections in the nutrient- 
enriched creek channels and 27 in the reference channels were reoccupied after 
three years, whereas in the remaining cross-sections the control poles were lost. 
Erosion was computed for each cross-section as the areal difference between the 
year 5 and year 8 surveys. 
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In year 7 of nutrient enrichment slumped sections of creek bank were enumerated 
in creek channels (R1, R2 and N1, N2). At low tide, large and small slumped 
sections of creek bank were enumerated in 50-m reaches starting from the 0-m 
mark up to 200-250 m. Large sections were defined as peat blocks that were 
separated away from the low marsh area by at least 0.25 m horizontally and at 
least 0.25 m lower than the mean elevation of the low marsh. Large peat blocks were 
at least 1 m either in height, length or width, with small blocks being at least 0.25 m 
in height. Height was defined as the distance from the bottom of the peat block to 
the highest point of the block. Ninety per cent of the large peat blocks had live 
S. alterniflora shoots and were 1.1 m wide and 2.1 m long on average. Small creek- 
bank sections were defined as low-marsh peat chunks that were <1 m in height, 
width and length, but at least 0.25 m in at least one of these dimensions. Small 
slumps were generally unvegetated, had visibly eroded perimeters and were 
found in the deepest part of the channel. The total count of slumps per creek 
was considered a sample and thus within treatment area sampling replication 
was n = 1 per creek. 

Global nutrient loading to salt marshes. We used an existing global river net- 
work N removal model***° to estimate global increase in N loading to coastal 
oceans from the pre-industrial period (1800s) to the contemporary period 
(2000s) compared to the locations of salt marshes?*’. 

Statistical summary. Analyses were performed on data primarily from the long- 
term nutrient-enrichment creeks and the paired reference creeks. Data collection 
from creeks often entailed sampling several subplots within experimental creeks 
(see ‘Measurements’ section above). Except where noted, data were averaged 
across subplots within each creek before analysis” and statistical analyses were 
performed at the creek level (nutrient enrichment n = 2, reference n = 2). All data 
were checked for assumptions of normality and homoscedasticity and trans- 
formed to meet assumptions”. The large spatial scale of the experiment necessitated 
low replication, which can reduce statistical power, so results were considered 
significant at = 0.10, as is typical in a complex large-scale ecosystem experiment 
where background variability is generally high and replication low**’. Our results, 
however, are robust, because 13 out of 17 tests were significant at « = 0.05 despite 
low replication (Table 1). Statistical analyses were performed in R (version 2.15.0). 

Repeated measures analysis of variance with between-subject factors (nutrient 
enrichment) were performed for response variables for which 7 years of data were 
available: plant shoot height, shoot mass, shoot specific weight (natural logX + 1 
transformation), and percentage foliar nitrogen (arcsine-squareroot transformation). 

Using ‘space for time’ substitution, linear regression models were used to 
analyse data for fracture density (natural logX + 1 transformation), fracture 
length (natural logX + 1 transformation), percentage of creek bank with fractures 
(arcsine-squareroot transformation), and percentage non-vegetated exposed mud 
area (arcsine-squareroot transformation) against the number of years the creek 
had received nutrient enrichment. Data for fracture density was collected in 2009- 
2012 and analysis was at the creek level, thus n = 24: for year 0, n = 3 per year (R1, 
R2, R3 in 2009-2012); for years 1-4, n = 1 per year (N3 in 2009-2012); and for 
years 6-9, n = 2 per year (N1, N2 in 2009-2012). Data for other variables was 
collected in 2009 and 2010 and analysis was at the creek level, thus n = 10: for year 
0, n = 4 (two years of data from R1, R2); for year 1, n = 1 (N3 in 2009); for year 2, 
n= 1(N3 in 2010); for year 6, n = 2 (N1, N2 in 2009); and for year 7, n = 2 (N1, 
N2 in 2010). 

One tailed t-tests were performed on the following response variables: per- 
centage water content (arcsine-squareroot transformation), live below-ground 
biomass, percentage fine organic matter (arcsine-squareroot transformation), 
slumps per creek (logX + 1 transformation), lodging (percentage of plants lodged; 
arcsine-squareroot transformation), potential denitrification and percent foliar 
lignin (arcsine-squareroot transformation). For lodging, t-tests were performed 
on the percentage of plots within a creek that were scored with >50% plants 
lodged. For potential denitrification, initial statistical analysis indicated no dif- 
ference between depths, so data from different depths were pooled in the final 
analysis (n = 6 per creek). Because potential denitrification and percentage foliar 
lignin were taken only from one creek per treatment (Rl and N1), data were 
analysed with the subplots as the experimental units. These process measurements 


are used as supporting evidence, but cannot be used to extrapolate the results to a 
wider population of systems because there was no treatment replication at the 
creek level. 

Analysis of covariance was performed on plant litter respiration and channel 
width/depth ratio. In these analyses the factor was nutrient level—reference 
(n = 2) and nutrient enrichment (n = 2). The covariate in the analysis of plant 
litter respiration was the number of snails in the litterbags. The covariate in the 
analysis of the channel width/depth ratio was the distance upstream from the 
beginning of the treatment area (designated as 0 m; a spatial covariate). In both 
analyses of covariance, the slopes were similar, but the intercepts were different, 
indicating a difference between treatments at the zero covariate level. 
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Knowledge of the past variability of climate at high northern lati- 
tudes during astronomical analogues of the present interglacial’ 
may help to inform our understanding of future climate change. 
Unfortunately, long-term continuous records of ice-sheet variabil- 
ity in the Northern Hemisphere only are scarce because records of 
benthic ‘80 content represent an integrated signal of changes in ice 
volume in both polar regions’. However, variations in Northern 
Hemisphere ice sheets influence the Siberian High’ (an atmospheric 
pressure system), so variations in the East Asian winter monsoon 
(EAWM)-—as recorded in the aeolian dust deposits on the Chinese 
Loess Plateau—can serve as a useful proxy of Arctic climate vari- 
ability before the ice-core record begins. Here we present an EAWM 
proxy record using grain-size variations in two parallel loess sections 
representative of sequences across the whole of the Chinese Loess 
Plateau over the past 900,000 years. The results show that during 
periods of low eccentricity and precessional variability at approxi- 
mately 400,000-year intervals, the grain-size-inferred intensity of 
the EAWM remains weak for up to 20,000 years after the end of the 
interglacial episode of high summer monsoon activity and strong 
pedogenesis. In contrast, there is a rapid increase in the EAWM 
after the end of most other interglacials. We conclude that, for both 
the 400,000-year interglacials, the weak EAWM winds maintain a 
mild, non-glacial climate at high northern latitudes for much 
longer than expected from the conventional loess and marine oxy- 
gen isotope records. During these times, the less-severe summer 
insolation minima at 65° N (ref. 4) would have suppressed ice and 
snow accumulation, leading to a weak Siberian High and, conse- 
quently, weak EAWM winds. 

Knowledge of natural climate variability at high northern latitudes is 
crucial for understanding the future development of the Northern 
Hemisphere ice sheets, the melting or growth of which would lead to 
major changes in sea level*. Key proxies for past glacial variability 
include ice-rafted debris and 5'°O in foraminifera preserved in marine 
sediments. The 5'*O records, frequently used as a measure of changes in 
ice volume, actually reflect variability in both polar regions’, and may 
also be overprinted by deep-water temperature variability®. Direct sedi- 
mentary records of Northern Hemisphere polar ice sheets exist only for 
the late Quaternary period, and longer-term records are scarce’. 

EAWM variability is tightly linked to variations in high-northern- 
latitude climate via the Siberian High’ (Fig. 1, Supplementary Fig. 1 and 
Supplementary Information). This allows the use of the loess record of 
the last 900,000 years (900 kyr) from the Chinese Loess Plateau (CLP) 
to show the timing of build-up of Northern Hemisphere ice sheets 
around the 413-kyr minima in eccentricity and precessional variability. 
This time frame falls within the current period of dominantly eccent- 
ricity-paced glacial—interglacial cycles and has also provided the most 
comprehensive records of climate change over the CLP in terms of both 
temporal resolution and spatial coverage (Supplementary Figs 2-4). 


Orbital changes in summer insolation at high northern latitudes drive 
the sequence of glacial-interglacial alternations that have characterized 
the Quaternary Epoch. We live in a time of low-amplitude precessional 
insolation variability modulated by the 413-kyr eccentricity cycle. The 
closest, relatively recent, analogues for the present interglacial occur 
around marine oxygen isotope stages 11 and 19 (MIS 11 and MIS 19; 
ref. 1). Despite recent efforts to reconcile them, there remain significant 
discrepancies in estimates of the length of MIS 11 (for example), both 
between model-based inferences’* and reconstructions from geological 
records”""' and among the geologically based estimates themselves”. 
This work adds independent, empirically based data from Northern 
Hemisphere terrestrial archives not previously used to estimate MIS 
lengths. 

The loess—palaeosol sequences in the CLP comprise high-resolution 
archives of East Asian monsoon climate variability*'*"'°. The climate in 
this region is mainly controlled by two seasonally alternating monsoon 
circulations, the warm/humid southerly East Asian summer monsoon 
(EASM) and the dry/cold northerly EAWM. The EAWM refers to the 
movement of cold air over Asia coming from the Siberian High mainly 
in response to strong and continuous radiative cooling in the lower 
troposphere over snow-covered surfaces’’. The predominance of low- 
altitude EAWM winds in transporting the dust deposited on the CLP is 
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Figure 1 | Location map with the surface circulation over Eurasia in winter. 
Dec-Jan—Feb mean surface vector winds (blue arrows) based on the NCEP- 
DOE Reanalysis 2 data during 1979-2011 at http://www.esrl.noaa.gov/psd/ 
data/gridded/reanalysis/. The grey area indicates land. ‘H’ indicates the centre 
of the Siberian High, and the area enclosed by the red-dashed line shows the 
region with mean sea level pressure exceeding 1,028 hPa. ‘YMG’ and ‘LC refer 
to the Yimaguan and Luochuan loess sections in this work. 
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clearly indicated by an approximately north-south gradient of decreas- 
ing loess grain size’’. 

The two loess—palaeosol sections used here, Yimaguan (35° 55’ N, 
107° 37' E) and Luochuan (35° 43’ N, 109° 25’ E), preserve a relatively 
complete suite of mineral dust deposits and can be well correlated by 
distinctive stratigraphic markers'””°. The chronology of the Yimaguan 
and Luochuan loess sections was generated by correlation of the studied 
sequences with the benthic 5'8O stack LR04 (ref. 10) (see Methods 
Summary). 

Magnetic susceptibility and grain size are two well accepted proxies for 
summer and winter monsoon climates, respectively’'*’**". Justification 
for their use and their close correlation with other, independent proxies is 
provided in the Supplementary Figs 1 and 5, and related discussion. Here, 
the time series of the EAWM and EASM was reconstructed using the 
content of particles over 32 jum in size (GT32) and frequency-dependent 
magnetic susceptibility (v4) of bulk samples from the two sections. 
The samples were usually analysed at 5-cm intervals for both sections, 
with 2.5-cm intervals for palaeosols S1 (12.875-16.100 m depth) and 
S5 (53.075-59.825 m depth) from Yimaguan. The 5-cm interval repre- 
sents an average time resolution for loess and palaeosol layers of 0.36 kyr 
and 0.89 kyr for Yimaguan, and 0.56 kyr and 1.24 kyr for Luochuan. 

The temporal changes in GT32 and 7,4 can be closely correlated 
between the two sections (Fig. 2d-g). During glacial times, high GT32 
and minimum y;q values indicate that the climate on the CLP was 
characterized by overall strong EAWM winds and weakened EASM 


winds. Here, as reported in previous studies*'”’, the climate during 
interglacial times was characterized by much weaker EAWM winds 
and strengthened EASM winds. The GT32 time series shows orbital 
periodicities of 41 kyr and 23 kyr; the 7¢q time series shows orbital peri- 
odicities of 100 kyr, 41 kyr and 23 kyr (Supplementary Fig. 9), confirming 
the pacing of the changes by variations in the Earth’s orbit. 
Comparison between the EAWM and EASM proxy records 
(Fig. 2d-g) reveals major differences in the amplitude of fluctuation 
in glacial periods between the two monsoon climate components. The 
summer monsoon is very weak overall in the glacial periods, with the 
Yea Curves in Fig. 2e and g nearly parallel to the marine 5'°O record 
(Fig. 2c). However, as found in previous studies*’”’, the winter mon- 
soon has strong precessional cycles in several glacial loess units, such as 
12, L5 and L6. These precession cycles match well with those predicted 
by the theoretical model of ice volume in the Northern Hemisphere” 
(Fig. 2b). The contrast in precessional cycles between summer and 
winter monsoon proxies highlights the fact that they have evolved in 
a relatively independent manner and are controlled by different driv- 
ing factors. The grain-size records in loess lack the “saw-tooth’ shape 
typical of the marine 5'*O curve, implying that factors other than 
Northern Hemisphere ice volume have affected grain-size variations 
during glacial intervals. However, on orbital timescales, the extent of 
Northern Hemisphere ice sheets plays the leading role in controlling 
changes in loess grain size, hence our use here of these changes to 
indicate the large-scale growth of Northern Hemisphere ice sheets. 
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Figure 2 | Comparison of the East Asian winter monsoon (EAWM) and 
summer monsoon (EASM) proxy records in loess with other palaeoclimatic 
data of the past 880 kyr. a, 21 June insolation 65° N (orange trace)and long- 
term variations of eccentricity* (black trace). Short black (or grey) horizontal 
bars mark the strong (or weak) insolation minima coincident with each glacial 
inception. b, Northern Hemisphere modelled ice volume”. c, Benthic 880 
stack LR04 (ref. 10). Numbers indicate MIS. d, Grain-size data expressed as 
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GT32 (>32-um particle content) in the Yimaguan loess section. e, Frequency- 
dependent magnetic susceptibility (y;4) in the Yimaguan loess section. f and 
g, GT32 and 7¢q data in the Luochuan loess section, respectively. The major 
loess and palaeosol units are labelled. The shaded areas indicate the major 
palaeosol units and their correlation with other palaeoclimatic records, with the 
green shading highlighting the delayed changes in loess grain size. 
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The most striking feature in the proxy records is that there are two 
types of coupling between EAWM and EASM at interglacial—glacial 
transitions (Fig. 2d—g and Supplementary Fig. 11). For most interglacial- 
to-glacial transitions (palaeosol S1 to loess unit L1, $2-L2, $3-L3, S5-L5 
and S6-L6), the increase in GT32 values coincides closely with the 
decrease in the 7;q values, indicating that the increased wind strength 
of the EAWM and weakening of the EASM were synchronous. 
However, at the transition of MIS 11 to MIS 10 (S4—L4), there is a 
period of around 20 kyr during which fine-grained loess persists after 
74a Values have decreased to levels typical of glacial loess. Such decoupled 
changes can also be found at the boundaries of S7-L7 and S8-L8. The 
decoupling is independent of the chronology model (Supplementary 
Fig. 6 for loess proxies plotted against depth). Comparison with the 
record of summer insolation at 65° N (ref. 4 and Fig. 2a) indicates that 
these three exceptions occur around minima in insolation variability 
modulated by the 413-kyr eccentricity cycle. 

The EAWM proxy records in this study reveal different histories of 
Northern Hemisphere ice-volume growth at the conclusion of different 
interglacial periods. The reduction in boreal summer insolation is 
thought to be the primary trigger for glaciation****. The alignment 
of obliquity and precession insolation minima is important because low 
obliquity plays a significant part in reinforcing the processes driving 
glacial inception”. The amplitude of summer insolation variability 
in the precessional band is modulated at the eccentricity periods of 
100 kyr and 413 kyr. At times of high eccentricity, each glacial inception 
(MIS 16, MIS 12, MIS 8, MIS 6 and MIS 4) was triggered by a very low 
precessional minimum of summer insolation (Fig. 2a), favouring the 
rapid accumulation of snow/ice at high northern latitudes. When the 
high-northern-latitude climate began to experience glacial conditions, 
the presence of the ice sheets and lowered CO, would have made the 
northern continents persistent sources for cold air surges”. The conse- 
quently strong EAWM winds would have led to a cold and arid climate 
over the Eurasian region”’, and carried coarser aeolian dust to the CLP, 
reflecting both increased wind strength and a southward expansion of 
the zone of extreme aridity. Therefore, the rapidly strengthening EAWM 
in these glacial periods indicates rapid build-up of ice-sheets at high 
northern latitudes, consistent with the benthic 5'°O records (Fig. 2c). 

At times of low eccentricity in the 413-kyr cycles, all three glacials 
after each of MIS 21, MIS 19 and MIS 11 (corresponding to palaeosols S8, 
S7 and S4) were triggered by a very weak precessional insolation mini- 
mum leading to warm summer conditions unfavourable to Northern 
Hemisphere ice-sheet build-up at the inception of each of MIS 20, 
MIS 18 and MIS 10 (Fig. 2a). The interval lacking coarse-grained loess 
in early MIS 10 (L4) appears to span a precessional cycle and this is in 
sharp contrast to the records during high eccentricity periods in the 
413-kyr cycle (Fig. 3). The continuing fine-grained loess deposition 
spanning nearly 20kyr indicates a weak EAWM comparable to that 
during the MIS 11 interglacial (Figs 2 and 3). Owing to their inherent 
link with Northern Hemisphere ice extent, the weak EAWM and 
Siberian High during early MIS 10 strongly suggest that the high- 
northern-latitude climate was still experiencing non-glacial conditions 
with limited ice-sheet extent. This is strongly supported by independent 
pollen records off southwest Greenland that indicate a nearly ice-free 
Greenland during the MIS 11 optimum and a prolonged temperate 
climate for around 360 kyr (ref. 7). There are similar indications for 
the early glacial period recorded above palaeosols S7 (MIS 19) and S8 
(MIS 21) (Fig. 2 and Supplementary Fig. 12). 

Although the EAWM proxy records indicate a prolonged non-glacial 
climate at high northern latitudes, the y;q indicates that the summer 
monsoon significantly weakened after the end of the three exceptional 
interglacials: MIS 21, MIS 19 and MIS 11. The CLP is located on the 
fringe of the EASM, which becomes displaced over hundreds of kilo- 
metres in a north-south direction during glacial-interglacial cycles’®. 
The displacement of the summer monsoon climate regime reflects, 
among other factors, distance from the sea. The sea level history extend- 
ing to 500 kyr Bp (before present) shows that sea level decreased gradually 
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Figure 3 | Comparison of the stacked loess records of East Asian monsoon 
climate around the last five interglacial-glacial transitions. The grain size, 
GT32, and frequency-dependent magnetic susceptibility, 74, data in different 
interglacial-glacial transitions are aligned (vertical dashed line) using the 
termination age of each interglacial defined by the benthic 5'°O stack LRO4 
(ref. 10), and are plotted against the uniform time-length unit. Numbers 
indicate MIS boundaries (red text). The stacked records are generated by 
averaging normalized GT32 and 7,q, respectively. The normalized data were 
first interpolated linearly at 1-kyr intervals before stacking. 


during early MIS 10 (ref. 28). This would have placed the CLP beyond the 
control of the EASM by increasing the distance from the source of 
moisture’’. We suggest that the changes in sea level and 5'°O may have 
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Figure 4 | Summer insolation during MIS 11-10 compared with present 
and future summer insolation. MIS 11 is selected as an astronomical analogue 
based on the high linear correlation of 65° N insolation in June between periods 
of 405-340 kyr Bp and of 5 kyr Bp to 60 kyr after present (AP)'. Only the 
insolation of 40 kyr Bp-70 kyr ap, shown as a purple line, is plotted against the 
upper x axis (negative age refers to the future). MIS numbering (in red) is given 
along the bottom x axis. 
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been caused by a build-up of ice volume in the Antarctic region during 
early MIS 10 (Supplementary Fig. 13). Asymmetrical development of 
hemispheric ice sheets has been suggested by climate models”. 

Astronomically driven insolation during the present interglacial and 
in the near future is characterized by its low-amplitude variability. The 
best analogue is MIS 11 (ref. 1), though future 23-kyr precessional 
variability is even weaker than it was across the MIS 11-MIS 10 transi- 
tion (Fig. 4). In terms of orbital forcing, the closest comparison for the 
present day is with conditions around 400kyrsp, some 40-45 kyr 
before evidence for the onset of glacial conditions in the Arctic. These 
observations lead us to speculate that the future Arctic climate may still 
remain in non-glacial mode for more than 40 kyr (approximately two 
precessional cycles), even without taking into account forcing by the 
rapid increase in anthropogenically generated greenhouse gases. 


METHODS SUMMARY 

Grain-size analysis. After removal of organic matter by 10% H,Oz, of carbonate 
by 10% HCL, and dispersal using 0.05 N (NaPO3)¢, samples were measured using a 
Mastersizer 2000 analyser with size range of 0.02-2,000 tm in diameter and with a 
precision of +1%. The GT32 (>32-1m particle content) used here shows good 
correlation with median grain-size changes (Supplementary Fig. 6). 

Magnetic susceptibility. Low-frequency magnetic susceptibility (x) and high- 
frequency magnetic susceptibility (7,,) were measured at 0.47 kHz and 4.7 kHz, 
respectively, using a Bartington Instruments MS 2B magnetic susceptibility meter. 
Frequency-dependent susceptibility, y;;—the difference between yp and yp¢—is an 
indicator of the formation of fine-grained secondary ferrimagnetic oxides as a result 
of pedogenesis”, and is closely linked with the strength of the summer monsoon. It 
is a better indicator of pedogenesis than 7), which includes signals from both fine 
pedogenic particles and coarse detrital aeolian input. 

Establishment of the chronology. The chronology of the Yimaguan and Luochuan 
loess sections was established using the accepted correlation scheme between 
Chinese loess and deep-sea sediments”'~* (Supplementary Figs 7-10). The absolute 
age control points are transferred from MIS boundaries” by correlating them with 
interglacial palaeosol boundaries’”’®. Between control points, interpolation, 
weighted by grain-size’, was used to generate the timescale. The age uncertainties 
arising from choice of age control points and interpolation methods are averaged 
to within a few thousand years (Supplementary Fig. 7). Therefore, the duration of 
delayed changes in grain size is much greater than age uncertainties. The cross- 
spectral analysis with the theoretical orbital record* of the Earth confirms the 
validity of the present chronology (Supplementary Fig. 9). 
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Nonlinear dendritic processing determines angular 
tuning of barrel cortex neurons in vivo 


Maria Lavzin'*, Sophia Rapoport’*, Alon Polsky’, Liora Garion! & Jackie Schiller’ 


Layer 4 neurons in primary sensory cortices receive direct sensory 
information from the external world’. A general feature of these 
neurons is their selectivity to specific features of the sensory stimu- 
lation®°. Various theories try to explain the manner in which these 
neurons are driven by their incoming sensory information®". In 
all of these theories neurons are regarded as simple elements 
summing small biased inputs to create tuned output through the 
axosomatic amplification mechanism’. However, the possible 
role of active dendritic integration’** in further amplifying the 
sensory responses and sharpening the tuning curves of neurons'*”” 
is disregarded. Our findings show that dendrites of layer 4 spiny 
stellate neurons in the barrel cortex can generate local and global 
multi-branch N-methyl-p-aspartate (NMDA) spikes, which are 
the main regenerative events in these dendrites. In turn, these 
NMDA receptor (NMDAR) regenerative mechanisms can sum 
supralinearly the coactivated thalamocortical and corticocortical 
inputs. Using in vivo whole-cell recordings combined with an 
intracellular NMDAR blocker and membrane hyperpolarization, 
we show that dendritic NUDAR-dependent regenerative responses 
contribute substantially to the angular tuning of layer 4 neurons by 
preferentially amplifying the preferred angular directions over 
non-preferred angles. Taken together, these findings indicate that 
dendritic NMDAR regenerative amplification mechanisms con- 
tribute markedly to sensory responses and critically determine 
the tuning of cortical neurons. 

To examine the active properties of layer 4 spiny stellate dendrites in 
the rodent barrel cortex and their role in synaptic integration, we first 
characterized layer 4 dendrites in vitro and then studied the contri- 
bution of active dendritic processing to sensory responses of these 
neurons in vivo. 

The excitable properties of layer 4 spiny stellate dendrites in vitro 
were studied using focal synaptic stimulation of fluorescently iden- 
tified dendrites while recording the somatic voltage’*’® (Fig. 1a). 
Linearly increasing the stimulus intensity resulted in an S-shaped 
input-output curve, with an abrupt amplitude jump, suggesting 
initiation of a dendritic spike (Fig. 1b-c). The average amplitude of 
dendritic spikes as recorded at the soma was 20.3 + 2.7 mV and their 
average voltage threshold was 6.2 + 1.1 mV (n = 8, 129 + 33 um 
from soma). Blocking NMDAR channels by extracellular APV 
(2-amino 5-phosphonovalerate; 50 uM) or intracellular MK801 
through the recording pipette (see Methods for controls) completely 
abolished the spike, linearized the S-shaped input-output curve and 
significantly reduced the duration of the response (the half width 
was reduced by 50.3 + 5.8%, P < 0.01) (Fig. 1b-e). The extracellular 
APV had a larger average effect compared to intracellular MK801 
(Fig. le), possibly owing to the fact that concentrations of MK801 
did not fully equilibrate in distal dendrites where the focal stimulation 
occurred. 

Unlike layer 5 pyramidal neurons, where dendritic NMDA spikes 
were mediated mostly by the NR2A subunit of the NMDAR channel”, 


in layer 4 spiny stellate neurons both the NR2A (NVP-AAMO077, 0.4 
uM) and NR2B (ifenprodil, 3 1M) blockers did not significantly 
change the amplitude and threshold of the dendritic NMDA spikes 
(Fig. 1f-h; P > 0.2). These findings are consistent with a previous study 
that reported that NR2C subunits mediate the NMDA component of 
corticocortical excitatory postsynaptic potentials (EPSPs) in spiny 
stellate neurons”. 

Next we used glutamate uncaging combined with specific blockers 
for voltage-gated calcium, sodium and NMDAR channels to further 
investigate the ionic mechanism mediating these dendritic spikes. 
Glutamate uncaging onto a single dendrite evoked a local spike that 
resembled the synaptically evoked dendritic spikes (Fig. li-j). 
Consecutive application of the specific voltage-gated sodium and 
calcium-channel blockers (1 uM tetrodotoxin (TTX), 100 uM cd?* 
and 100 1M Ni**) did not change significantly the spike amplitude 
and threshold (Fig. 1i-k, P = 0.2). In contrast, consecutive application 
of APV blocked the spike completely (Fig. 1i-k; n = 11, P < 0.01). 
Taken together, our findings indicate that, similar to thin dendrites 
of layer 5 pyramidal neurons”’*, NMDA spikes are the main 
regenerative events in dendrites of layer 4 spiny stellate neurons. 

Our focal synaptic stimulation mostly activates corticocortical 
synaptic inputs as they constitute the majority of inputs to layer 4 
spiny stellate dendrites”. A second important source of inputs to these 
neurons (approximately 10% of all synapses) is the thalamocortical 
pathway, which carries the sensory input from the external world*"”°. 
Under physiological conditions the thalamocortical response is 
followed by a powerful feed-forward excitatory corticocortical activa- 
tion originating from neighbouring layer 4 neurons**. Thus, we next 
set out to examine the contribution of NUDAR-dependent dendritic 
regenerative mechanisms to the interaction between these two main 
excitatory inputs converging on layer 4 neurons. Thalamocortical 
responses were evoked by stimulating ventrobasal thalamic neurons 
while recording from somatotopically aligned layer 4 spiny stellate 
neurons (see Methods and Supplementary Figs. 1 and 2). 
Coactivation of a single predominantly corticocortical EPSP (average 
amplitude of 3.1 + 0.6 mV), evoked by focal synaptic activation, with a 
train of thalamocortical EPSPs (5 pulses at 50 Hz) yielded an S-shaped 
curve. At the lower stimulus intensities, the two inputs summated 
sublinearly. As we gradually increased the thalamocortical stimulus 
intensity, an abrupt jump in the voltage response was observed, and 
the two inputs summated supralinearly (Fig. 2a-—c, f). At just above 
threshold thalamocortical stimulus intensities, the paired response was 
228.7 + 32.5% greater than that expected from the linear summation 
of the thalamocortical and corticocortical EPSPs (Fig. 2b, c, fn = 12). 
Extracellular APV or intracellular MK801 completely abolished 
this coincident amplification (Fig. 2a, f§ the paired response was 
86.8 + 18.2% and 102.6 + 9.7% of the expected arithmetic sum of 
the two individual responses for APV and MK801, respectively) 
and decreased the duration of the response (half width decreased 
by 49.0 + 4.3%; n = 10, P < 0.01). Similar results were obtained with 
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Figure 1 | NMDA spikes in layer 4 spiny stellate neurons. a, Experimental 
setup. Top panel, thalamocortical slice with two schematic electrodes (left, 
recording; right, stimulating). Bottom panel, layer 4 spiny stellate neuron 
loaded with alexa 633 (50 1M). Inset, the stimulated dendritic branch (position 
indicated by a red rectangle) and a schematic drawing of the stimulating theta 
electrode. b, Somatic voltage recordings in response to gradual increase of the 
stimulus current at the dendrite, in control conditions and after NUDAR 
channels blockade with APV (50 uM). c, Stimulus current-voltage relationship 
of the experiment shown in b. d, Same as b, except that the electrode contained 
MK801 (2 mM). Recordings were taken after 5 min (red) and 40 min (black). 
e, Average somatic amplitudes of the dendritic spike in control conditions and 
after NMDAR blockade with extracellular APV (n = 8) or intracellular MK801 
(n = 7, after 40 min; **P < 0.01). f, Traces of NMDA spikes in control 
conditions, with ifenprodil (3 uM) and followed by addition of NVP-AM077 
(0.4 4M). NVP, specific blocker of the NR2A subunit of the NMDAR. 

g, h, Averaged spike amplitude (g) and threshold (h). Colours are the same as in 
f (n = 8). i, Effect of voltage-gated sodium- and calcium-channel blockers on 
local spikes evoked by glutamate uncaging at a dendrite (160 jim from soma). 
Spike in control conditions, with TTX (1 41M), with consecutive addition of 
Ni?* (100 pM) and Cd?* (100 uM), and consecutive application of APV (50 
uM). j, Peak somatic voltage as a function of stimulus laser intensity (colours 
are the same as in i). k, The average amplitudes of the dendritic spike as 
recorded at the soma (colours are the same as in i and j) (n = 11, **P < 0.01 
compared with control). Error bars, mean + s.e.m. 


20-Hz and 100-Hz thalamocortical stimulation frequencies (n = 6; 
data not shown). 

To mimic a distributed corticocortical activation pattern we 
activated the corticocortical inputs using a large extracellular stimu- 
lating electrode placed within the barrel that we recorded from. Similar 
to our previous results, pairing of a distributed corticocortical EPSP 
(average amplitude of 5.3 + 0.89 mV) with thalamocortical EPSPs, 
evoked at gradually increasing stimulation intensities, resulted in a 
steep S-shaped input-output curve with supralinear summation of 
these two inputs above a threshold value (Fig. 2d-f). At just above 
threshold thalamocortical stimulus intensities, the response was 213.2 


398 | NATURE | VOL 490 | 18 OCTOBER 2012 


@ Pairing focal stimulation b c 
- 307 Pairing 
= rave S 10 a 25 © Expected | 
—cc = 8 Pairing © 99 
== Expected a aD } 
Pairing+APV ® 6 = 15 1t | { 
ivi 
£ 4 = 10 
ey Expected 
2mV F 5 p S 5 i baa 
50 ms a 0 
0 4 111 —T 
60 70 80 90 0 2 4 6 8 
Stimulus current (pA) TC amplitude (mV) 
e f Focal pairing 
g Control 
© oA 
30 ~ 2007) me MK801 
= Pairing s 7007 ier 
= 20 = 1004 : 
2 ee - 
g <o 0 
g 10 Expected = Global pairing 
§ 2504 
) = 200- 
80 84 88 92 96 # 1091 —s 
Stimulus current (pA) E 50 |e 


Global pairing 


50 % 
400 ms 
— Pairing 
h Cold spot 1 I = Ard J Cold spot 2 
Wa pent 5 mV deena 
FO ae ae eal 100 ms low! Athi Anh it 


Figure 2 | Corticocortical and thalamocortical pairing of activity evokes 
local and multi-branch global dendritic NMDA spikes. a, Simultaneous 
activation of thalamocortical (TC) axons (100 Hz, 5 pulses) and corticocortical 
(CC) axons (1 pulse, focal stimulation) caused a large supralinear response 
(red) that was blocked by APV (grey). The expected arithmetic sum of the two 
individual responses is shown in blue. b, Voltage amplitude in response to 
pairing of corticocortical input (constant intensity) and thalamocortical input 
(increasing intensities) (red). Blue, expected arithmetic summed response. 

c, Peak average (mean + s.e.m.) paired and expected summed voltage responses 
as a function of the thalamocortical peak voltage amplitude (n = 7). d, e, Same 
as a and b but for global corticocortical stimulation (electrode was located 
approximately 200 j1m from the soma of the recorded neuron). f, Amplification 
(as a percentage of expected arithmetic summed response) in control 
conditions, with APV and with MK801. Data are presented for focal (top panel, 
n = 12) or global (bottom panel, n = 10) corticocortical activation (**P < 0.01 
compared with control). Error bars, mean + s.e.m. g, Image of a spiny stellate 
neuron filled with OGB-1 (100 .M) showing the location of five calcium hot 
spots (coloured ovals) during global pairing (red/blue) of thalamocortical 
(cyan) and corticocortical (green) activation. Spatial profiles of the red (left 
panel) and blue (right panel) hot spots are shown. The blue and red traces were 
recorded at the peak locations of the spots, and the black traces were recorded at 
adjacent sites with distance steps of 3 to 5 um between consecutive traces. 
h-j, Spatial profiles of two ‘cold spots’ (white ovals in g) and the corresponding 
somatic voltage recordings during the pairing protocol (i). 


+ 25.5% greater than the calculated arithmetic sum of the two indi- 
vidual responses (Fig. 2e-f, n = 10). This amplification was blocked 
by extracellular APV or intracellular MK801 (Fig. 2d, f} n = 8, the 
amplitude of the paired response decreased to 68.8 + 18.2% relative to 
the calculated arithmetic sum of the individual responses, and half 
width decreased to 48.8 + 6.5%, P < 0.01). 

The intracellular block of NMDAR channels indicated mainly a 
postsynaptic effect in the recorded neuron rather than a recurrent 
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network effect (see controls in Methods and Supplementary Figs. 3 
and 4). 

To understand better the dendritic events underlying the 
supralinear summation in the focal and global pairing protocols, we 
carried out simultaneous calcium imaging recordings in dendrites of 
the activated layer 4 neurons. During the global and focal pairing, 
calcium imaging revealed intense dendritic ‘hot spots’ (Fig. 2g-j and 
Supplementary Fig. 5). During the focal pairing, calcium transients 
were localized to the activated sites and reached an average amplitude 
of 170 + 30.5% (AF/F) which was significantly larger than the 
corticocortical-evoked calcium transients (30 + 7%, P<0.01) and 
thalamocortical-evoked transients alone (undetectable, below the 
noise level) (n = 4 neurons; Supplementary Fig. 5). Similar results 
were obtained when the focal synaptic stimulation was replaced with 
focal glutamate uncaging (n = 6; Supplementary Fig. 6). 

In the case of global pairing we observed multiple calcium hot spots 
in several dendrites (Fig. 2g, i). On average we observed 3.8 + 0.6 
calcium hot spots per neuron when scanning approximately 30% of 
the dendritic tree. The average size of the maximal calcium hot zone 
ranged between 9 and 30 tim (average 15 + 1.4 um) and their average 
peak amplitude during the pairing was 135 + 14% (nm = 18 spots). 
During thalamocortical activation alone, calcium transients were 
undetectable, as was the case in most instances of corticocortical 
activation (Fig. 2g; 14 out of the 18 cases). In the 4 cases in which 
we observed calcium transients during corticocortical activation, 
the average peak calcium transient was 34 + 11.5%. The calcium 
transients evoked by the pairing protocol were abolished altogether 
by APV (Fig. 2g; n = 15 spots). Similar multi-branch NMDA spikes 
were also observed in layer 4 pyramidal neurons (Supplementary 
Fig. 7). Interestingly, in contrast to previously reported data in layer 
2 neurons of the visual cortex”’ where calcium hot spots originated 
from activation of single inputs, in this study the calcium hotspots were 
found to extend over larger dendritic segments, indicating supralinear 
interactions between neighbouring synapses. 

Computer simulations succeeded in reproducing the experimental 
results of NMDA spike generation and their accompanying calcium 
profiles during both focal and global activation patterns (Supplemen- 
tary Figs 8 and 9). Simulations show that during global multi-branch 
NMDA spikes, the voltage profile was relatively homogenous across 
the neuron, whereas the calcium profile was highly non-homogenous, 
showing calcium hot spots in different dendritic segments (Supplemen- 
tary Fig. 9a, d). Our simulation indicated that the global multi-branch 
NMDA spike resulted from regenerative interactions between closely 
spaced synapses as well as from long-range inter-branch interactions 
between more distant synapses. 

To investigate directly the contribution of NMDAR-dependent 
dendritic regenerative mechanisms to tuning of sensory responses, 
we turned to in vivo experiments. More specifically, we examined the 
hypothesis that NMDAR-dependent dendritic regenerative mechan- 
isms can serve to sharpen the angular tuning curves””® of barrel cortex 
layer 4 neurons by comparing the whisker-evoked responses to 
deflection in 8 cardinal angular directions (in 45° increments) in 
control conditions and after blockade of the postsynaptic NMDAR in 
the recorded neuron with either intracellular MK801 or membrane 
hyperpolarization. Whole-cell patch-clamp recordings from layer 4 
neurons were carried out in vivo from an a priori mapped principal 
barrel (mapped by intrinsic optical imaging) (Fig. 3a and 
Supplementary Fig. 10). The recorded neurons and their relationship 
to the barrel boundaries were identified histologically at the end of each 
experiment (see Methods and Supplementary Fig. 10). 

Consistent with previous studies’, we found that responses of layer 4 
neurons were tuned to the angular direction of the whisker deflection 
in the sub- and suprathreshold range (Figs 3 and 4). The average 
selectivity index was 0.64 + 0.03 for subthreshold responses. The 
angular tuning maps remained stable throughout the length of the 
recording when the recording electrode contained control solution 
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Figure 3 | The role of NUDAR-dependent dendritic regenerative responses 
in angular tuning of layer 4 neurons in vivo. a, Whole-cell patch-clamp 
recordings were carried out from layer 4 cells in vivo while deflecting the 
principal whisker in eight cardinal directions (see Methods). b, Polar plot 
showing average EPSP area (in mV X ms) of the ‘on’ responses to whisker 
deflection in 8 directions (every 45°) obtained 2 to 12 min (red) and 30 to 40 
min (blue) after whole-cell break with control pipette solution. c, Top, response 
to the preferred direction (225°) in the first 10 min and after 40 min. Bottom, 
average selectivity index (SI) calculated 10 and 40 min after whole-cell break (n 
= 6). d, Top, polar plot showing average on responses obtained 2 to 8 min (red) 
and 30 to 36 min (grey) after whole-cell break with an electrode containing 
MK801 (4 mM). Bottom, example traces of on responses to the preferred 
(upper traces) and non-preferred (lower traces) directions, during control 
recordings (red) and after 32 min with MK801 (black). e, Same as d but for the 
off responses (same neuron as in d). f, Average SI (left panel) of neurons in 
control conditions (first 10 min of recording) and with intracellular MK801 
(after 40 min). Average area (right panel) of the angular tuning maps in control 
conditions (first 10 min of recording) and with intracellular MK801 (after 40 
min). g-i, Average EPSP half width, amplitude and area of the subthreshold 
responses to preferred and non-preferred directions in control conditions (first 
10 min of recording) and with intracellular MK801 (after 40 min). In all 
measurements the preferred and non-preferred directions were the directions 
of whisker deflection with the largest and smallest responses, respectively. 
n= 13, *P< 0.05; **P< 0.01. Error bars, mean = s.e.m. 


(102 + 7% after 40 min of recordings, n = 6; Fig. 3b, c). In contrast, 
angular tuning was significantly affected when MK801 (2-4 mM) was 
present in the recording electrode. Following intracellular NUDAR 
blockade, the selectivity index dropped significantly from 0.71 + 0.06 
in the first 10 min of the recording to 0.44 + 0.07 after 30 to 40 min 
from the break to the whole-cell configuration (P < 0.01, n = 13; 
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Figure 4 | Effect of hyperpolarization on the angular tuning responses of 
layer 4 neurons in vivo and the effect of MK801 on angular tuning of 
suprathreshold responses. a, Examples of traces of on responses to whisker 
deflection in the preferred (left panel) and non-preferred (right panel) 
directions in control (red) and after membrane potential hyperpolarization by 
15 mV (black). b, Angular tuning maps (area measured in mV X ms) of the on 
subthreshold responses to whisker deflection in eight different directions in 
resting membrane potential (control, red) and after membrane potential 
hyperpolarization by 15 mV (grey). c-e, The average (mean + s.e.m.; n = 6) 
EPSP amplitude (c) half width (d) and area (e) of the preferred and non- 
preferred responses in resting membrane potential (control), and after 
membrane potential hyperpolarization (Hyper) by 15 mV. f, Tangential view of 
the biocytin-stained spiny stellate neuron and its location according to the 
cytochrome-oxidase-dense regions typical to layer 4 barrels. g, h, Angular 
tuning maps of the on subthreshold responses (g) and the on suprathreshold 
action-potential firing responses (h) to whisker deflection in eight different 
directions in the presence of intracellular MK801 in the first 10 min (control, 
red) and after 40 min (grey). i, The average number (+ s.e.m; n = 6) of action 
potentials fired during the preferred angular direction in the presence of 
intracellular MK801 in the first 10 min (control) and after 40 min. The 
subthreshold maps depict the average EPSP area, and the suprathreshold map 
depicts the average number of action potentials during the on responses. 

*P < 0.05; **P <0.01. APs, action potentials; NS, not significant. 


Fig. 3d-f and Supplementary Fig. 11). The sharp drop in angular 
tuning selectivity was caused by the fact that the NMDAR preferen- 
tially contributed to the area, half width and amplitude of the res- 
ponses to the preferred angular deflection compared with the non- 
preferred angles, which were affected as expected from in vitro data® 
(Fig. 3d-i). The large contribution of NMDAR (59.8% and 49.6% of 


400 | NATURE | VOL 490 | 18 OCTOBER 2012 


the EPSP half width and area, respectively) indicated the participation 
of NMDAR dendritic regenerative mechanism in amplifying the 
preferred responses. Consistent with participation of regenerative 
dendritic NMDAR responses, hyperpolarization of the membrane 
potential by approximately 15 mV caused a significant decrease in 
the responses to the preferred direction (Fig. 4a-e). 

For the suprathreshold range, we observed a sharp reduction in 
the average number of action potentials in the preferred angular 
direction with intracellular blockade of NMDAR channels. The 
average number of action potentials in the preferred direction 
dropped from 1.18 + 0.27 per stimulus in the first 10 min of recording 
to 0.38 + 0.13 after 30 to 40 min of recording with intracellular 
MK801 (67.8%, n = 6, P< 0.01, Fig. 4f-i). Analysis of suprathreshold 
responses was limited to the preferred angles owing to the small 
number of action potentials evoked by non-preferred angles already 
under control conditions. 

Similar to its contribution in angular tuning responses, NUDAR 
dendritic regenerative activation also significantly contributed to 
sensory responses in layer 4 neurons evoked by artificial whisking 
(see Supplementary Fig. 12). 

To understand further the contribution of NMDAR-dependent 
dendritic mechanisms to shaping the angular tuning responses of layer 
4 neurons, we simulated thalamocortical and feed-forward excitatory 
and inhibitory responses in a multi-compartmental spiny stellate cell 
model (Supplementary Fig. 13a). Our simulations show that dendritic 
NMDAR regenerative properties crucially contributed to angular tun- 
ing. The preferred selectivity was determined by the input bias, which 
is amplified further by regenerative dendritic NMDAR responses 
(Supplementary Fig. 13). Indeed, the selectivity index dropped to the 
level represented by the presynaptic excitatory bias across a wide range 
of stimulation intensities when the NMDAR channels were excluded 
(Supplementary Fig. 13d, f, g). 

In conclusion, our data indicate that dendritic NMDARs in layer 4 
neurons can facilitate a spectrum of dendritic regenerative events ran- 
ging from graded amplification to full-blown local and global dendritic 
NMDA spikes”. This dendritic regenerative mechanism has a role in 
shaping the responses to whisker sensing, and is crucial for the forma- 
tion of angular tuning responses in layer 4 neurons. 

Dendritic NMDAR regenerative amplification can carry several 
‘physiological benefits’, including the ability to drive the neuron by a 
smaller number of thalamocortical inputs and a reduction in the 
number of biased thalamic inputs’ required to generate sharp and 
stable tuning curves. We propose that the axonal amplification 
mechanism of biased inputs”? suggested previously is combined with 
dendritic amplification mechanisms to efficiently translate small 
biases in the input profile to sharply tuned output responses. 


METHODS SUMMARY 


For the in vitro experiments, thalamocortical slices were prepared from CD-1 
mice. Whole-cell patch-clamp recordings, focal and global synaptic stimulation 
calcium imaging and glutamate uncaging were carried out with visually identified 
layer 4 spiny stellate neurons using standard techniques”. 

For in vivo experiments, whole-cell patch-clamp recordings were performed 
using urethane-anaesthetized Wistar rats. The principal whisker was identified 
using intrinsic optical imaging and activated using either artificial whisking 
evoked by stimulating the buccal branch of the facial motor nerve or by passive 
whisker deflection in eight cardinal directions using a pair of crossed piezoelectric 
bimorphs’. 

Simulations were conducted on a multi-compartmental spiny stellate neuron 
with realistic morphology, voltage-gated channel distribution and parameters of 
synaptic activation. 
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Severe stress switches CRF action in the nucleus 
accumbens from appetitive to aversive 
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Stressors motivate an array of adaptive responses ranging from ‘fight 
or flight’ to an internal urgency signal facilitating long-term goals’. 
However, traumatic or chronic uncontrollable stress promotes 
the onset of major depressive disorder, in which acute stressors lose 
their motivational properties and are perceived as insurmountable 
impediments’. Consequently, stress-induced depression is a 
debilitating human condition characterized by an affective shift 
from engagement of the environment to withdrawal’. An emerging 
neurobiological substrate of depression and associated pathology is 
the nucleus accumbens, a region with the capacity to mediate a 
diverse range of stress responses by interfacing limbic, cognitive 
and motor circuitry*. Here we report that corticotropin-releasing 
factor (CRF), a neuropeptide released in response to acute stressors” 
and other arousing environmental stimuli’, acts in the nucleus 
accumbens of naive mice to increase dopamine release through 
coactivation of the receptors CRFR1 and CRFR2. Remarkably, 
severe-stress exposure completely abolished this effect without 
recovery for at least 90 days. This loss of CRF’s capacity to regulate 
dopamine release in the nucleus accumbens is accompanied by a 
switch in the reaction to CRF from appetitive to aversive, indicating 
a diametric change in the emotional response to acute stressors. 
Thus, the current findings offer a biological substrate for the switch 
in affect which is central to stress-induced depressive disorders. 
CRF initiates neuroendocrine signalling in the hypothalamic- 
pituitary—adrenal axis and also regulates neurotransmission directly 
through two receptor subtypes, CRF receptor 1 (CRFR1) and CRFR2, 
which are distributed widely throughout the brain’®. In the nucleus 
accumbens, CRF facilitates cue-elicited motivation? and social 
bonding"®, behaviours that are thought to be mediated by dopamine 
transmission’’'’. Therefore, we sought evidence for CRF-dopamine 
interactions in the nucleus accumbens, first using fluorescent 
immunohistochemistry. Dense CRF immunoreactivity was present 
throughout the rostro-caudal axis of the nucleus accumbens core 
and lateral shell, and in the most rostral portion of the medial shell 
in sparsely located large cell bodies (cholinergic interneurons, see 
Supplementary Fig. 1) and fibre terminals that were interdigitated with 
tyrosine-hydroxylase-immunoreactive fibres that are indicative of 
dopamine-containing axons (Fig. la). Immunoreactivity for the 
CRFRI1 receptor displayed punctate staining with co-localization of 
tyrosine-hydroxylase immunoreactivity on fibre segments in addition 
to localization on cell bodies within the nucleus accumbens (Fig. 1b 
and Supplementary Fig. 2). CRFR2 immunoreactivity had a more 
diffuse but still punctate pattern of staining, similar to that in other 
regions’, with some co-localization with tyrosine-hydroxylase 
immunoreactivity (Fig. 1c and Supplementary Fig. 3). Expression of 
CRF receptors on subcellular profiles in the nucleus accumbens, 
including tyrosine-hydroxylase-positive terminals, was confirmed at 
higher spatial resolution using transmission electron microscopy 
(Fig. 1d; quantified in Supplementary Table 1). Together, these data 


indicate that the localization of CRF and its receptors in the nucleus 
accumbens is well-suited for modulation of dopamine release. 

To directly test the functional effects of CRF on dopamine release in 
the nucleus accumbens, we selectively monitored dopamine release 
evoked by a single biphasic electrical pulse (2ms per phase, 100- 
500 pA delivered once per minute) in acute coronal brain slices using 
fast-scan cyclic voltammetry at carbon-fibre microelectrodes (Fig. 2a 
and Supplementary Fig. 4). Vehicle or CRF (10, 100 or 1,000 nM) was 
applied to the slice for 15 min after 5 min of stable baseline, and the 
resultant effect was quantified by averaging the evoked dopamine 
current in the last 10 minutes. After application of vehicle, there was 
a modest (~7%) decrease in dopamine release (Fig. 2b), whereas CRF 
increased dopamine release in a concentration-dependent manner 
eliciting effects significantly greater than vehicle at 100 and 
1,000nM (27.8 + 6.7 and 30.0 + 8.4%, respectively, mean + s.e.m.; 
F3, 49 = 5.026, P< 0.01, one-way analysis of variance (ANOVA) with 
Dunnett’s post-hoc t-tests; Fig. 2b and Supplementary Fig. 5). 
Interestingly, this effect could be blocked by application of either the 
selective CRFR1 antagonist, antalarmin (1 1M), or the selective CRFR2 
antagonist, anti-sauvagine 30 (ASVG 30; 250nM), to the slice 
beginning 20 min before CRF application (F2, 59 = 5.142, P< 0.01, 
one-way ANOVA with Dunnett’s post-hoc t-tests; Fig. 2c) indicating 
that coactivation of both receptors is required. Consistently, CRF (10, 
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Figure 1 | Cellular localization of CRF peptide, CRFR1 and CRFR2 in the 
nucleus accumbens. a-c, Immunoreactivity for CRF peptide (top), CRFR1 
(middle) or CRFR2 (bottom) is shown in red and for tyrosine hydroxylase (TH) 
is shown in green. Arrows highlight examples of co-localization (yellow in the 
merged images). Scale bars, 10 jm. d, Transmission electron microscopy 
photomicrographs showing CRF receptors (labelled with immunogold 
particles; arrows) present on both TH-positive (immunoperoxidase labelled) 
and TH-negative profiles. Scale bars, 0.5 um (top panel) and 1 um (bottom 
panels). 
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Figure 2 | CRF increases dopamine release in the nucleus accumbens 
through coactivation of CRFR1 and CRFR2. a, Representative dopamine 
release evoked by electrical stimulation (dashed lines) before (left) and after 
(right) application of 100 nM CRF (mean + s.e.m. for 5 consecutive 
stimulations, top) and corresponding two-dimensional plots depicting changes 
in faradaic current (pseudocolour) with time as the abscissa and applied 
potential as the ordinate (bottom). b, Concentration response to CRF, n = 11- 
18. c, Effect of antagonists for CRFR1 (antalarmin, 1000 nM) or CRFR2 (anti- 
sauvagine 30 (ASVG 30), 250 nM), m = 18-20. d, CRF in mice lacking the gene 
encoding the CRFRI (left) or CRFR2 (right) receptors, n = 7-13. e-g, Effect of 
the CRFR1 agonist, stressin 1, n = 9-15 (e), the CRFR2 agonist, urocortin 3 
(100 or 300 nM), n = 5-8 (f) or their co-application, n = 8-15 (g). Error bars, 
s.e.m. DA, dopamine; NS, not significant (with P > 0.05); *P < 0.05; 

**P < ().01 versus vehicle. 


100, 1,000 nM) failed to increase dopamine release in the nucleus 
accumbens of mice with deletion of either the Crfrl (ref. 14) or Crfr2 
(ref. 15) gene (Fig. 2d). Application of the selective CRFR1 agonist 
stressin 1 (100 or 300nM) or the selective CRFR2 agonist urocortin 
3 (100 or 300nM) failed to significantly increase dopamine release 
when applied individually (P > 0.05 compared to respective vehicles; 
Fig. 2e, f), but significantly increased dopamine release when applied 
together (F3,36 = 3.528, P < 0.05 versus vehicle, one-way ANOVA with 
Dunnett’s post-hoc t-tests). The effect of the agonists together could be 
blocked by pre-treatment with antalarmin and ASVG 30 (unpaired 
t-test, P > 0.05; Fig. 2g). Together these data provide convergent evid- 
ence that CRF increases dopamine release in the nucleus accumbens 
through coactivation of CRFR1 and CRFR2. 

If this ability for CRF to positively regulate dopamine in the nucleus 
accumbens has specific motivational relevance to the behaving animal, 
we would predict that it would cause conditioned place preference 
when restricted to the nucleus accumbens, even though centrally 
administered CRF elicits robust conditioned place aversion’®. 
Therefore, we used a balanced place-conditioning apparatus consist- 
ing of two visually distinct test chambers separated by a smaller neutral 
compartment. On day one, mice were allowed to freely roam the 
apparatus, and the time they spent in each chamber was recorded. 
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On days two and three, mice received CRF bilaterally into the nucleus 
accumbens (500 ng per side in 200nl artificial cerebrospinal fluid; 
cannulae placements are shown in Supplementary Fig. 6) or vehicle 
infusions and were then isolated in one of the test chambers for 30 min. 
Four hours later they received the alternative infusion and were iso- 
lated in the other test chamber for 30 min. On day four, mice were 
again allowed free access to the apparatus. Following conditioning, 
mice exhibited a significant preference for the CRF-paired context, 
demonstrating that intra-accumbens CRF (500 ng) was an appetitive 
stimulus to these animals (conditioning by drug, F)12 = 6.435, 
P<0.001, two-way repeated-measures ANOVA; Fig. 3a). Similarly, 
unilateral infusions of CRF (500 ng in 200 nl) also produced conditioned 
place preference (conditioning by drug, Fj. = 11.77, P< 0.001 two- 
way repeated-measures ANOVA; Fig. 3b and Supplementary Fig. 7a). 
This dose of CRF is within the range that produces selective effects in 
vivo’, but it is difficult to ascertain the steady-state concentration at 
receptors as CRF undergoes both radial diffusion and active clearance”. 
Nevertheless, even at a lower dose of CRF (5 ng in 200 nl), conditioned 
place preference was observed (conditioning by drug, Fi,14 = 5.415, 
P<0.05, two-way repeated-measures ANOVA; Fig. 3b and 
Supplementary Fig. 7b). Taken together, these data indicate that CRF 
acts in the nucleus accumbens to produce a positive affective state. 

To test whether this positive affective state is dependent upon CRF’s 
ability to increase dopamine release, we used the catecholaminergic- 
neuron-selective neurotoxin, 6-hydroxydopamine (6-OHDA). We 
compared unilateral CRF place conditioning in animals that had 
received ipsilateral infusions of 6-OHDA (2g in 500nl) versus 
vehicle (0.09% NaCl, 0.1% ascorbate) into the nucleus accumbens 
7 days earlier. CRF (500 ng in 200 nl) produced place preference in 
sham animals (conditioning by drug, F,13 = 6.95, P< 0.05 two-way 
repeated-measures ANOVA; Supplementary Fig. 8a), of similar 
magnitude to controls (treatment by drug, F\39 = 0.35, P> 0.05, 
two-way ANOVA). However, place preference to intra-accumbens 
CRF was absent in animals that received 6-OHDA (conditioning by 
drug, Fi,13 = 0.00, P> 0.05, two-way repeated-measures ANOVA; 
Supplementary Fig. 8b) showing a significant change in the subjective 
effects of CRF (P <0.05, unpaired f-test; Fig. 3b). This 6-OHDA 
treatment produced a significant dopamine depletion on the side of 
the injection (P< 0.001; Supplementary Fig. 8c), but did not alter 
locomotor activity (P > 0.05, unpaired t-test; Supplementary Fig. 8d), 
demonstrating that the unilateral lesions did not produce a general 
deficit in motor function. These data demonstrate that the positive 
affective state produced by CRF in the nucleus accumbens is dependent 
on its ability to increase dopamine release. 

To ascertain the role of endogenously released CRF in the nucleus 
accumbens in mediating appetitive behaviours, we tested the effect of 
CRF antagonism on the response to an arousing stimulus by assaying 
novel object exploration, a behaviour that requires intact dopamine 
transmission’*. We bilaterally infused the CRF antagonist, «-helical 
CRF (500 ng in 200 nl per side) or vehicle (lactated ringer’s with 1% 
acetic acid), into the nucleus accumbens, placed animals into an arena, 
and then 15min later introduced a novel object into the centre. 
Although «-helical CRF had no effect on baseline exploration of the 
centre of the arena compared to vehicle, it significantly attenuated 
the appetitive effects (that is, eliciting of approach and exploration) 
of the novel object (treatment by stimulus, F, 13 = 4.62, P< 0.05, 
two-way repeated-measures ANOVA; Fig. 3c). These data demon- 
strate that endogenous CRF in the nucleus accumbens is used under 
physiological conditions to mediate appetitive responses to arousing 
environmental stimuli. 

Exposure to severe or chronic stress can produce profound altera- 
tions in normal stress signalling that can be detrimental to physical and 
mental health, predisposing individuals to depression’’. To model this 
phenomenon, we used a modified Porsolt paradigm in which mice are 
exposed to 2 days of repeated swim stress. Animals were placed in a 
vessel of water (29-31 °C) for 15min followed by four additional 
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Figure 3 | CRF in the nucleus accumbens promotes appetitive behaviour. 
a, Mean difference in times spent in the CRF-paired chamber compared to the 
vehicle-paired chamber before and after conditioning (top panel; n = 7 ) and 
representative post-conditioning activity trace (bottom panel). b, Place 
preference (time in CRF-paired chamber minus the time spent in the vehicle- 
paired chamber post conditioning) for intra-nucleus accumbens injections of 
500 ng CRF bilateral, 500 ng unilateral or 5 ng bilateral (left panel; n = 7-10). 


6-min swim sessions (separated by 6-min recovery periods) 24h later. 
This protocol has been shown to produce escalating immobility across 
sessions, indicating a depression-like phenotype”’. We prepared coronal 
slices of the nucleus accumbens from these animals 30 minutes after the 
final stress exposure and found that the ability for CRF to potentiate 
dopamine release was completely abolished (stress exposure by drug, 
Fyii6 = 12.61, P< 0.001 two-way ANOVA; Fig. 4a). Notably, we 
established that this change in the ability of CRF to regulate dopamine 
release was not a generalized change in stress-related peptide signalling 
as the effect of a k-opioid agonist to reduce dopamine release was 
unaffected by the 2-day stress-exposure paradigm (Supplementary 
Fig. 9). Therefore, these data show that severe stress selectively 
abolishes CRF’s ability to modulate dopamine release in the nucleus 
accumbens. Surprisingly, there was no recovery of the action of CRF on 
dopamine release in the nucleus accumbens 7, 30 or even 90 days 
after stress exposure (stress exposure by drug, Fy116 = 4.852, P 
< 0.01, two-way ANOVA, Fig. 4a). This time period is consistent with 
the protracted course of stress-induced depressive disorders”’, and 
indeed, a depression-like phenotype was maintained across this 
90-day post-stress period, as assessed by swim immobility (Sup- 
plementary Fig. 10). Importantly, the loss of the CRF response was 
not due to a baseline change in evoked dopamine release (Supplemen- 
tary Fig. 11) and it was not simply an age-related phenomenon 
(Supplementary Fig. 12). Therefore, we have shown that severe stress 
produces a persistent dysregulation of CRF-dopamine interactions 
that normally produce a positive affective state. 

Stress-induced depressive disorders are associated with altered 
levels of several neurochemicals that interact with the CRF system, 
including serotonin”, dynorphin” and glucocorticoids***. Therefore, 
we targeted these systems to gain mechanistic insight into the stress- 
induced loss of CRF’s regulation of dopamine release. We pretreated 
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Place preference for 500 ng CRF (unilateral) in sham or 6-OHDA-treated mice 
(right; n = 10). c, Time spent in the centre of an open field before and during 
presentation of a novel object (placed in the centre of the field) after bilateral 
intra-accumbens infusion of the CRF-receptor antagonist «-helical CRF 

(500 ng) or its vehicle (n = 10). Error bars, s.eam. NS, P > 0.05; *P < 0.05; 
**D < 0.01; ***P < 0.001; 8P < 0.05 for interaction. 


animals (10 ml kg~ " intraperitoneal) with vehicle, fluoxetine (selective 
serotonin-reuptake inhibitor; 10 mgkg '), norBNI (k-opioid-receptor 
antagonist; 10 mgkg ') or RU486 (glucocorticoid-receptor antagonist; 
30mgkg ') before stress exposure on each of the swim-stress days. 
The animals were allowed to recover for 7 days, then slices were 
prepared and the CRF response was tested. Although acute regimens 
of fluoxetine do not alleviate pre-existing depression-related symptoms 
in patients or animal models, they have been shown to prevent the 
induction of some depression-like responses to stress”. Nevertheless, 
this treatment did not affect the abolition of CRF modulation of 
dopamine release by stress (P>0.05; Supplementary Fig. 13). 
Similarly, this stress-induced perturbation was not significantly 
affected by norBNI (P> 0.05; Supplementary Fig. 13); however, it 
was prevented by RU486 (30mgkg '; P<0.001; Fig. 4a and Sup- 
plementary Fig. 13), even at a lower dose (10mgkg '; P<0.01; 
Supplementary Fig. 13). These data show that glucocorticoid signalling 
is a critical component of the profound stress-induced dysregulation of 
CRF-dopamine interactions in the nucleus accumbens. 

This robust loss of the neurochemical response to CRF in the 
nucleus accumbens after severe stress suggests a long-lasting altera- 
tion in its subjective qualities. To test this idea, we used the place- 
conditioning paradigm in animals that had been exposed to the 
2-day swim-stress regimen. Mice that underwent repeated swim stress 
7 days before conditioning spent significantly less time in the CRF- 
paired chamber than in the vehicle-paired chamber after conditioning, 
establishing that CRF in the nucleus accumbens is now aversive to 
these animals (conditioning by drug, F,, 19 = 5.824, P< 0.01, two- 
way ANOVA, Supplementary Fig. 14a). Therefore, severe stress 
produces a diametric shift in the subjective qualities of CRF in the 
nucleus accumbens from positive to negative (Fig. 4b). Consistent with 
the enduring loss of CRF regulation of dopamine observed in vitro, the 
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Figure 4 | Stress exposure abolishes the CRF-mediated increase in evoked 
dopamine release and subsequent appetitive behaviours. a, Effect of CRF on 
dopamine release in naive mice (blue) and after swim stress (red) (left panel; 
n = 8-18), and in animals that were pretreated with the glucocorticoid- 
receptor antagonist, RU486 (30 mgkg |, intraperitoneal) or its vehicle before 
stress (right panel; n = 6-10). b, Mean place preferences for intra-accumbens 
CREF in naive (blue) and stress-exposed mice (red) (left panel; n = 6-8) and 
representative activity traces (right). c, Difference in the increased centre time 
during presentation of a novel object between vehicle and CRF-receptor 
antagonism in naive (blue) animals and in animals 7 days post stress (red) 

(n = 9-10). Error bars, s.e.m. NS, P > 0.05, *P < 0.05, **P < 0.01; 8P < 0.05; 
§8P <0.01 for interaction. 


absence of CRF conditioned place preference persisted for at least 
90 days after repeated stress exposure (F229 = 6.870, P< 0.05, one- 
way ANOVA with Dunnett’s post hoc; Fig. 4b and Supplementary 
Fig. 14b). Similarly, endogenously released CRF no longer stimulated 
exploration of a novel object when tested 7 days after stress exposure 
(stimulus by drug, F,, 16 = 0.004, P > 0.05, two-way repeated-measures 
ANOVA; Supplementary Fig. 15) showing that severe stress abolished 
the function of CRF in the nucleus accumbens to stimulate appetitive 
responses to arousing stimuli (unpaired t-test, P<0.05, Fig. 4c). 
Therefore, these findings demonstrate the long-term loss of a regula- 
tory mechanism of motivated behaviour after severe stress. 

Major depressive disorder has a lifetime prevalence of 17%, making 
it one the world’s greatest public-health concerns”; however, its 
molecular foundation has been elusive. Patients suffering from this 
disorder present with constellations of symptoms that include loss of 
affect, cognitive impairment and homeostatic imbalance”; symptoms 
that are presumably precipitated by dysregulation of several brain 
regions’. It is established that glucocorticoid-dependent hippocampal 
atrophy is a critical mediator of cognitive impairment in depres- 
sion such as memory loss*. More recently, disruption of nucleus 
accumbens function has been implicated in the affective symptoms 
of depression’. In the current work, we studied the actions of CRF on 
neurotransmission within this brain region in an attempt to connect 
pathological stress-related neuroadaptation with the shift in affect 
observed in depressed patients. 

CRF receptors are distributed widely throughout the brain® and 
mediate disparate effects (see Supplementary Discussion). Our data 
highlight the specificity of the local action of both exogenously applied 
and endogenously released CRF in the nucleus accumbens in pro- 
ducing a positive, rather than negative, subjective state by increasing 
dopamine release. Importantly, we show that severe stress disables this 
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capacity of CRF to positively regulate dopamine, removing CRF’s 
appetitive qualities, leaving a negative perceptual bias. This dysregula- 
tion is mediated by glucocorticoid, but not k-opioid, receptors and is 
not ameliorated by acute prophylactic administration of a selective 
serotonin-reuptake inhibitor. Glucocorticoid signalling has been 
shown to have genomic repressive effects on the CRF system, in 
particular the downregulation of CRFR1**. Genetic deletion of the 
CRERI gene selectively from dopamine neurons increases anxiety-like 
behaviour**, demonstrating further that disruption of CRF-dopamine 
interactions alone is sufficient to produce a negative affective state 
similar to that following severe stress”. 

Collectively, our data show a specific defect in the regulation of 
dopamine transmission in the nucleus accumbens as a consequence 
of exposure to stress that induces depression-like behaviour. Depressive 
disorders produce a profound change in the perception of, and 
behavioural response to, acute stressors and other arousing environ- 
mental stimuli that elicit CRF signalling. Taken together, our findings 
provide a neurobiological mechanism for the affective shift from 
engagement of the environment to withdrawal following severe stress, 
central to the manifestation of major depressive disorder. 


METHODS SUMMARY 

Subjects. Male C57BL/6 mice aged >50 days had ad libitum access to food and 
water. Mice housed together (two to four per cage) were subjected to the same 
behavioural treatments. All animal procedures were approved by the University of 
Washington Institutional Animal Care and Use Committee. 

Neuroanatomy. Immunohistochemistry was carried out as described previ- 
ously”®. Sections were incubated for 24h with a mixture of mouse anti-tyrosine 
hydroxylase 1:1,000 and rabbit anti-CRF (peptide) 1:150, and chicken anti-ChAT 
antibody 1:150 or rabbit anti-CRFR1 or goat anti-CRFR2 (1:100 to 1:500), then 
incubated in the appropriate fluorescently tagged secondary antibodies (1:500), 
and were imaged using epifluorescent and confocal microscopes. Transmission 
electron microscopy was carried out as previously described”. 

Fast-scan cyclic voltammetry. 250-j1m coronal slices containing the nucleus 
accumbens were continuously perfused (1.5-2.0 mlmin™') with oxygenated 
artifical cerebrospinal fluid (aCSF) maintained at 31-33 °C. The potential at a 
carbon-fibre electrode was held at —0.4V versus Ag/AgCl, ramped to +1.3 V 
and back to —0.4 V (400 Vs_') every 100 ms. A single biphasic electrical pulse 
(2 ms per phase, 100-500 1A) was applied to the slice to evoke dopamine release. 
Conditioned place preference. A three-compartment place-conditioning 
apparatus was used to measure preference as described previously”’. On days 2 
and 3, mice received two intra-accumbens microinjections per day: one injection 
of aCSF and one injection of CRF (500 ng in 200 nl per side) paired with different 
chambers. On day 4, mice were allowed free access to the apparatus for 30 min. At 
the end of behavioural testing, cannulae placements were assessed. 

Novel-object exploration. The novel object exploration assay was similar to an assay 
that has been described previously. Animals received bilateral intra-accumbens 
microinfusions of vehicle or helical CRF (500 ng in 200 nl) counterbalanced across 
2 days of testing. On each testing day, the animal was exposed to a new novel object. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Subjects. Male C57BL/6 mice aged >50 days were maintained under a 12-h light- 
dark cycle (7:00 to 19:00 light) with access to standard food and water ad libitum. 
All procedures on animal subjects were approved by the University of Washington 
or Thomas Jefferson University Institutional Animal Care and Use Committee. 
Mice housed together (two to four per cage) were subjected to the same beha- 
vioural treatments. 

Immunohistochemistry. We used perfusion, cryosectioning and immunohisto- 
chemistry procedures as described previously”®. Sections (30 1m) were then incu- 
bated with a mixture of mouse anti-tyrosine hydroxylase 1:1,000 (Sigma) and 
either rabbit anti-CRF (peptide) 1:150 (Sigma) and chicken anti-ChAT antibody 
1:150 (Invitrogen) or rabbit anti-CRFR1 or CRFR2 (Novus Biologicals) in block- 
ing buffer for 24-36 h at room temperature. Sections were then washed with PBS, 
and detection was carried out using the fluorescent secondary antibody Alexa 
Fluor 488 goat anti-mouse immunoglobulin-G (IgG) 1:500, Alexa Fluor 555 goat 
anti-rabbit IgG and Alexa Fluor 633 goat anti-chicken IgG (Invitrogen) in block- 
ing buffer for 2h at room temperature. Sections were washed in PBS 3 times for 
10 min and 0.1 M phosphate buffer twice for 10 min and mounted on Superfrost 
plus slides. Sections were imaged with epifluorescence (Nikon) and confocal 
microscopes (Leica). 

Transmission electron microscopy. Mice were perfused and brains were 
sectioned as described previously. Sections (100nm) were processed using 
standard transmission-electron-microscopy procedures*”*'. Sections were incu- 
bated in mouse anti-TH (1:1,000; Immunostar) and rabbit anti-corticotropin- 
releasing factor receptor (1:1,000; Santa Cruz Biotechnology) overnight at room 
temperature. Immunoperoxidase detection of tyrosine hydroxylase and silver- 
intensified immunogold localization of CRFRs followed standard procedures”. 
Digital images were captured using the AMT advantage HR/HR-B CCD camera 
system (Advance Microscopy Techniques). Only tissue sections with good 
preservation of ultrastructural morphology and with both tyrosine hydroxylase 
and CRFR immunoreactivity clearly apparent in the tissue were used for the 
analysis. For immunogold labelling, profiles with at least two immunogold-silver 
particles within a cellular compartment in a single thin section were considered 
immunolabelled*’. The cellular elements were classified according to a method 
described previously’. 

Fast-scan cyclic voltammetry. Mice were quickly decapitated and the head placed 
in pre-oxygenated ice-cold artificial cerebrospinal fluid (aCSF) in which sucrose 
(248 mM) was substituted for NaCl. The brain was rapidly removed and blocked 
to isolate the anterior forebrain. Coronal slices (250 jum) containing the nucleus 
accumbens were prepared using methods described previously, placed in a 
recording chamber and continuously perfused (1.5-2.0 ml min” ') with oxygenated 
aCSF (in mM: NaCl, 124; KCl, 2.5; NaH,POy, 1.25; MgSO,, 2.0; CaCly, 2.0; dextrose, 
10; and NaHCO3, 26) maintained at 31-33 °C. Carbon-fibre electrodes were 
fabricated using a Sutter P-97 puller. Carbon-fibre electrodes (working electrodes) 
were hand cut to approximately 100-150 km past the capillary tip. The potential at 
a carbon-fibre electrode was held at —0.4 V versus Ag/AgCl, ramped to +1.3 V 
and back to —0.4V (400 Vs’) every 100ms. A single biphasic electrical pulse 
(2 ms per phase, 100-500 1A) was applied to the slice to evoke dopamine release. 
Swim stress. Mice were subjected to either a single 15-min swim with a 24-h 
recovery period, or a 2-day swim stress in which they were exposed to a 15-min 
swim session on day 1, then 24h later on day 2, were exposed to 4 swim sessions of 
6 min separated by 6 min, conducted under bright light (690-700 Ix) conditions. 
Water temperature was maintained at 29-31 °C. Animals were removed from the 
water if they became completely submerged for >1s at any time during the 
paradigm. Some animals were killed at 30 min, 7, 30 or 90 days after the final swim 
session of the 2-day protocol, and nucleus accumbens slices were prepared. 
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Cannulations. Animals were anaesthetized with isoflurane and cannulation 
surgeries were carried out using a stereotaxic alignment system, similar to 
methods described previously”®. Double-guide cannulas (26 gauge, 3.5 mm from 
pedestal, 2mm separation; Plastics One) were placed in the nucleus accumbens 
core at +1 mm lateral, 1mm posterior from bregma and 3.5mm below the 
skull. Guide cannulas were anchored using dental cement, and dummy 
internal cannulas were placed inside until injection. Mice were injected 
intracerebroventricularly by placing a 33-gauge internal cannula (Plastics One) 
into the guide cannula. 

Conditioned place preference. Animals were allowed to recover from surgery for 
at least 7 days. All animals were handled for 4 days before the pre-test day. Animals 
assigned to the stress-exposed group were subjected to the 2-day swim-stress 
paradigm after recovery; animals were not included if they did not show normal 
swimming responses. Stress-exposed animals began CRF conditioning 7 or 
90 days after the final swim session. A three-compartment place-conditioning 
apparatus was used to measure preference as described previously”’. On days 2 
and 3, mice received 2 injections per day: 1 injection of aCSF and 1 injection of 
CREF (500 ng per 200 nl) paired with different chambers at 125 nl min” '. On day 4, 
mice were once again allowed free access to the entire apparatus for 30 min. After 
the conclusion of behavioural testing, cannulae placements were assessed. Mice 
with cannula placements outside the accumbens were excluded from the study. 
6-OHDA lesion and high-performance liquid chromatography. Mice were 
injected with either 6-OHDA (2g per 500 nl; Sigma) or vehicle (0.9% NaCl, 
0.1% ascorbate). After the conclusion of behavioural testing, a tissue core (approxi- 
mately 2 X 2 X 1 mm) of the ipsilateral and contralateral accumbens of each animal 
was microdissected, rapidly frozen in liquid nitrogen and stored in microcentrifuge 
tube at —80°C until processed for tissue dopamine content. High-performance 
liquid chromatography (HPLC) was used to measure monoamine content by the 
Neurochemistry Core Laboratory at the Vanderbilt University Center for 
Molecular Neuroscience Research. 

Novel object exploration. Mice were cannulated, allowed to recover from 
surgery and handled for 4 days before being subjected to a novel object exploration 
assay similar to previously described”*. In brief, on test day 1, mice were given 
bilateral intra-accumbens microinfusions of either vehicle (lactated ringer’s with 
1% acetic acid) or o-helical CRF (2 j1g) and were allowed to habituate in an open 
field for 15 min. Subsequently, a novel object was introduced and exploratory 
behaviour of the novel object was measured for an additional 15 min. On test 
day 2, the animals received the alternative pharmacological treatment to that 
which they received on day 1, were allowed to habituate again in the open field 
and then exposed to a second novel object. Both the pharmacological treatment 
and the novel objects were counter-balanced across test days. Identically to the 
place-conditioning experiments, 1 group of mice were exposed to swim stress 
7 days before test day 1. 
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Androgenetic haploid embryonic stem cells produce 


live transgenic mice 
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Xiu-Jie Wang*, Xiao-Yang Zhao! & Qi Zhou! 


Haploids and double haploids are important resources for study- 
ing recessive traits and have large impacts on crop breeding’, but 
natural haploids are rare in animals. Mammalian haploids are 
restricted to germline cells and are occasionally found in tumours 
with massive chromosome loss**. Recent success in establishing 
haploid embryonic stem (ES) cells in medaka fish* and mice*® 
raised the possibility of using engineered mammalian haploid cells 
in genetic studies. However, the availability and functional 
characterization of mammalian haploid ES cells are still limited. 
Here we show that mouse androgenetic haploid ES (ahES) cell lines 
can be established by transferring sperm into an enucleated oocyte. 
The ahES cells maintain haploidy and stable growth over 30 
passages, express pluripotent markers, possess the ability to 
differentiate into all three germ layers in vitro and in vivo, and 
contribute to germlines of chimaeras when injected into blastocysts. 
Although epigenetically distinct from sperm cells, the ahES cells can 
produce viable and fertile progenies after intracytoplasmic injection 
into mature oocytes. The oocyte-injection procedure can also 
produce viable transgenic mice from genetically engineered 
ahES cells. Our findings show the developmental pluripotency of 
androgenentic haploids and provide a new tool to quickly produce 
genetic models for recessive traits. They may also shed new light on 
assisted reproduction. 

Haploid stem cells offer an easy-to-manipulate genetic system and 
therefore hold great value for studies of recessive phenotypes. Recently, 
haploid ES cells have been successfully derived from medaka fish* and 
mice®®, and this has provided opportunities for genetic manipulations 
at the cellular level in a haploid but pluripotent system. However, the 
feasibility of using mammalian haploid ES cells for animal-level assays 
is untested. In addition, several basic questions regarding mammalian 
haploid ES cells are still unsolved and deserve more investigations, 
including: first, whether the haploid nature of ES cells can be steadily 
maintained in further-differentiated cells; second, whether the haploid 
ES cells can function as haploid gametes to support fertilization and 
development; and third, whether genetic modifications in the haploid 
ES cells can bypass the germline barrier to be transmitted properly to 
offspring. 

In an attempt to address the above questions, we established a 
protocol to generate mouse androgenetic haploid embryos by injecting 
sperm into enucleated MII phase oocytes”* (Supplementary Fig. 1 and 
Supplementary Table 1). Using the 2i medium’ with leukaemia 
inhibitory factor (LIF) and feeder cells, we generated a total of 27 
androgenetic haploid embryonic stem cell (ahES) lines from 262 
reconstructed embryos (Supplementary Table 2). The addition of 
commonly used additives for ES culture had no obvious effect on the 
ahES-cell-derivation efficiency (Supplementary Table 2). The trans- 
genic chicken f-actin promoter-driven enhanced green fluorescent 


protein (eGFP) from the donor sperms was successfully inherited 
and expressed in the derived ahES-cell lines (Fig. la). We also 
established ahES-cell lines carrying an Oct4 (also known as Pou5fl) 
promoter-driven eGFP (Oct4—eGFP) reporter, by which eGFP expres- 
sion was primarily restricted in pluripotent cells and germ cells’®. 

Most of the originally obtained ahES-cell lines contained approxi- 
mately 10-30% haploid cells. After three or more rounds of purification 
by separating Hoechst 33342-stained cells using fluorescence-activated 
cell sorting (FACS), haploid ahES cells with nearly 90% purity were 
obtained (Fig. 1b). The established ahES-cell lines all had a single X 
chromosome (Fig. lc, d). They retained the haploid genome (19 
autosomes and the X chromosome (19 + X)) after being passaged 
more than 25 times. Continuous haploid purification by FACS (more 
than 6 rounds) slowed down (with over 50% decrease) the autodiploi- 
dization rate of ahES cells (Supplementary Fig. 2). The lack of ahES 
cells containing the Y chromosome is in accordance with previous 
reports of the poor developmental ability of androgenetic embryos of 
YY chromosomes'’’*. Comparative genomic hybridization (CGH) 
analysis revealed no consistent copy-number variation among the 
examined ahES-cell lines (AH129-5, AH129-N1 and AH129-NC1), 
except for a common deletion on the X chromosome (Fig. le and 
Supplementary Table 3). This deletion is a CGH artefact attributed 
to the probe design around the 1.75-Mb highly repetitive region 
(Supplementary Fig. 3). The same artefact was observed in previous 
reports of haploid ES cells*** using the same NimbleGen whole- 
genome tiling array. 

The ahES cells expressed typical pluripotent marker genes”, includ- 
ing Oct4, Nanog and Sox2 (Supplementary Fig. 4). Global gene- 
expression analysis among 3 independently generated ahES-cell lines 
(AH129-5, AH129-NC1 and AH129-N1), 2 diploid ES-cell lines (R1 
and CS 1-1), mouse round spermatids and embryonic fibroblast 
(MEF) cells revealed a very high correlation (r = 0.98) between ahES 
cells and ES cells, both with distinct gene-expression profiles from 
mouse round spermatids (Supplementary Fig. 4). 

The ahES cells could form embryoid bodies and differentiate further 
into neural-lineage cells in vitro, but the majority of the differentiated 
cells had already undergone diploidization (Supplementary Fig. 5). 
Teratomas containing all 3 germ layers could be detected after sub- 
cutaneously injecting ahES cells (with nearly 90% purity) into severe- 
combined-immune-deficiency mice (Fig. 2a). We then injected freshly 
FACS-sorted GO- or Gl-phase eGFP-positive ahES cells (from mice 
with black-coloured coats) into CD-1 blastocysts (from mice with 
white-coloured coats) to test their ability to form chimaeras. 
Chicken f-actin-driven eGFP and Oct4-eGFP expression were 
detected in both somatic and germline cells of the dissected chimaeric 
embryos at embryonic day 12.5 (E12.5), respectively (Fig. 2b, c, 
Supplementary Fig. 6 and Supplementary Table 4). Evidence for the 
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contribution of the ahES cells to adult chimaeric mice was provided by 
their coat-colour chimaerism (Fig. 2d) and by the presence of eGFP- 
positive cells within various tissues of dissected adult chimaeric mice, 
with eGFP* cells constituting 5.9%, 27.5%, 67.1% and 9.7% of the total 
number of cells analysed in the spleen, liver, kidney and heart, respect- 
ively (Supplementary Fig. 7). No haploid cells were detected among 
eGFP-positive cells (Supplementary Fig. 7), as they may have already 
undergone diploidization like observed in other studies?. Collectively, 
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Figure 1 | Generation of androgenetic haploid ES cells. a, Schematic 
overview of the derivation process of ahES-cell lines carrying an eGFP marker. 
Scale bar, 100 j1m. PN, pronuclear. b, FACS analysis of the DNA content of 
ahES-cell lines. Diploid ES-cell line with 2n chromosome sets is chosen as 
control (bright blue). The initial FACS sorting of the AHGFP-4 ahES-cell line at 
passage 5 resulted in 33.7% of haploid cells (dark blue). After purifying the GO- 
or Gl1-phase haploid cells for 3 times and followed by culturing the cells for 2 
passages, 89.9% of haploid cells (passage 16) were obtained (red). c, Standard 
G-binding karyotype of an ahES cell line (passage 16), with 19 + X 
chromosomal set. d, Determination of the sex chromosome of ahES-cell lines 
by polymerase-chain-reaction (PCR) amplification of an X-chromosome- 
specific (Phex) or a Y-chromosome-specific (Zfy1) gene. ES-cell lines R1 (male) 
and CS 1-1 (female mouse ES-cell line.) were used as controls. e, CGH analysis 
of 3 ahES cell lines: AH129-5 (P21), AH129-NC1 (P28) and AH129-N1 (P31). 
Comparison of results between the genomic DNA of ahES cells and control 
129Sv male mouse kidney is shown as the y axis, on a log, base scale. 


these results provide evidence of the pluripotent nature of the 
ahES cells. 

We explored the feasibility of generating differentiated haploid cells 
from the ahES cells both in vivo and in vitro. Haploid GO- or G1-phase 
ahES cells freshly sorted by FACS were injected into diploid blastocysts 
to produce chimaeric embryos. In the E6.5 chimaeric embryos, 
approximately 6% of eGFP-positive cells were haploid by flow- 
cytometry analysis (Fig. 2e). However, no eGFP-positive haploid cells 
were identified from E12.5 embryos (Supplementary Fig. 6). After four 
or more rounds of FACS selection, we successfully established haploid 
epiblast-stem-cell-like cell lines with 87.8% of haploid cells (Fig. 2f, g 
and Supplementary Fig. 8), showing the feasibility of establishing 
haploid non-ES-cell lines in mammals. The cells expressed marker 
genes of epiblast stem cells (Oct4, Nanog, Gata4 and Fef5), lost alkaline 
phosphatase activity and had a similar gene-expression profile to that of 
the diploid epiblast stem cells, but were distinct from the parental ahES 
cells (Fig. 2h and Supplementary Fig. 8c-e)'*”. The haploid epiblast- 
stem-cell-like cells maintained the haploid karyotype (19 + X) after 
being passaged for up to 15 generations. They had the ability to form 
embryoid bodies when being cultured without growth factors in low- 
attachment dishes (Supplementary Fig. 8f), and to differentiate further 
into haploid neural progenitor cells (with 42.3% haploid cells; 
Supplementary Fig. 9). These results show that the ahES cells could 
differentiate under the haploid state. 

To test the genetic transmissibility of the ahES cells, we injected the 
FACS-selected GO- or G1-phase haploid ahES cells into pre-activated 
oocytes (intracytoplasmic ahES-cell injection (ICAI); Supplementary 
Fig. 10)'*’°. The obtained embryos formed ‘paternal’ pseudo-pronuclei 
with a dynamic demethylation pattern typical of embryos produced by 
intracytoplasmic sperm injection”®”' (Supplementary Fig. 11). A total of 
599 2-cell embryos and 171 blastocysts reconstructed from 6 randomly 
selected ahES-cell lines were transplanted into 38 pseudopregnant mice. 
The derived embryos were normal at E13.5 with correctly inherited 
eGFP (Fig. 3a). Twenty-four female full-term pups were successfully 
obtained from four independent ahES cell lines, of which ten survived to 
adulthood (Table 1 and Supplementary Fig. 12a). The 14 pups that did 
not survive died within 30 min after birth, probably owing to develop- 
mental retardation, indicated by their abnormally small body size 
(Fig. 3b, c and Supplementary Fig. 12b). 

Among the 10 surviving mice, 9 looked normal at adulthood and 
delivered healthy progeny with litter sizes of 8-11 pups when mated 
with CD-1 males at 8 weeks of age. The ICAI-produced mice were 
validated by the simple sequence-length polymorphism (SSLP) (Sup- 
plementary Fig. 12c), and their offspring showed Mendelian segrega- 
tion of coat colour (Fig. 3d) and the inherited expression of B-actin 
eGFP (Supplementary Fig. 12d). The other mouse has a smaller body 
and has been unable to become pregnant so far. These results showed 
the ability of ahES cells to ‘fertilize’ oocytes and produce healthy 
and fertile animals, and thereby to transmit their genetic material to 
offspring. 
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Figure 2 | The pluripotency of the ahES cells. a, Teratoma formation of ahES 
cells (from ahES-cell line AH129-5). Shown are the teratoma dissection slices 
representing all three germ layers identified by staining with haematoxylin and 
eosin in teratomas. Scale bar, 500 tm. b, E12.5 chimaeric embryos formed by 
blastocyst injection of GO- or G1-phase haploid AHGFP-4 cells into CD-1 
diploid blastocysts. eGFP fluorescence indicated the chimaeric contribution of 
AHGFP-4 (right panel) and its non-chimaeric littermate without eGFP (left 
panel). c, Fluorescence detection of the gonads (female) of an E12.5 Oct4—-GFP 
ahES cell derived chimaeric embryo. Scale bar, 2 mm. d, Adult chimaeric mouse 
produced by microinjection of G0- or G1-phase haploid AHGFP-64 cells into 
diploid blastocysts. e, Flow-cytometry analysis of DNA content of both the 
eGFP-positive and eGFP-negative cells in E6.5 chimaeric embryos. An E6.5 
chimaeric embryo generated from ahES cells (AHGFP-4) is shown on the right 
of the image (left panel), and on the left of the image is a non-chimaeric embryo 
at the same stage as the control for eGFP detection. Scale bar, 100 jim. The 
arrow (middle panel) shows the peak of the haploid chromosome set among 
eGFP* cells. f, Brightfield of haploid epiblast-stem-cell-like cells (EpiSC-like 
cells; diploid EpiSCs derived from post-implantation embryos’’). Shown is the 
AHEpi-7-cell line (haploid EpiSC-like cell line 7) at passage 8. g, Flow- 
cytometry analysis of DNA content of a haploid EpiSC-like cell line, AHEpi-7 
(passage 6). h, Real-time PCR analysis of EpisC-marker gene expression in 
different cell lines. Error bars, s.d. of triplicate reactions. 


To demonstrate the feasibility of using ahES cells in transgenic 
manipulations, vectors carrying a neomycin-resistant gene (neo") were 
electroporated into 5X 10° ahES cells (passage 12, FACS-sorted 
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Figure 3 | Generation of ICAI offspring and transgenic mice. a, Live E13.5 
ICAI embryos produced by 2 androgenetic haploid ahES-cell lines AH129-5 
(left panel, eGFP negative) and AHGFP-2 (right panel, eGFP positive). Scale bar, 
50 um. b, c, Comparison of the body weights (b) and placenta weights (c) of the 
alive (1.56 + 0.36 g; n = 12 (mean + s.e.m.)) and dead (0.78 + 0.07 g; n = 17) 
ICAI pups with the control group (wide-type mice, 1.63 + 0.05 g; n = 12). 
**P < 0.001 (student t-test). d, Coat-colour separation among the F2 generation 
of an ICAI-produced adult mouse (129/Sv X CD-1 background) after mating 
with a CD-1 male mouse. e, FACS analysis of the DNA content of 2 established 
genetically modified ahES-cell lines. AHTg-1 (red) maintained high proportions 
of haploid cells, whereas AHTg-7 (light blue) had no haploid cells. f, Live normal 
newborn mice produced from the transgenic ahES-cell line AHTg-1 through 
ICAI, with the expression of the eGFP transgene detected throughout the pup 
body and the placenta. g, A PGK-neo" transgenic ICAI mouse that survived to 
adulthood. h, PCR analysis of the integration of the transgene neo" in 5 
transgenic cell lines, and the offspring of the AHTg-1 and AHTg-2 cell lines. 
Non-transgenic cell line AHGFP-4 is used as a negative control. 


AHGFP-4 cells with the B-actin eGFP transgene). A total of 187 
neomycin-resistant colonies appeared after 1 week of antibiotic 
(geneticin, G418) selection. We randomly picked and expanded 12 
G418-resistant colonies into sub-lines (Supplementary Fig. 13a). Six 
lines (named AHTg-1 to AHTg-6) maintained the haploid chromosome 
set even after 17 passages (Fig. 3e and Supplementary Fig. 13b), whereas 
the other 6 cell lines (AHTg-7 to AHTg-12) were mostly converted to 
diploid cells (Fig. 3e and Supplementary Fig. 13c). After injecting these 
transgenic ahES cells (collected immediately after FACS sorting) from 
two sub-lines into pre-activated MII phase oocytes, we successfully 
obtained 143 2-cell embryos and transplanted them into pseudopreg- 
nant mice. Five full-term live pups derived from two transgenic cell lines 
were obtained from three foster mothers (Table 1) carrying the neo" 
transgene and also inherited the eGFP transgene (Fig. 3f and Fig. 3h). 
Two pups were healthy and survived to adulthood (Fig. 3g). The others 
had lower body weights and died quickly after birth, probably owing to 
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Table 1 | Developmental efficiencies of ICAl embryos 


Cell type Donor cells No. of injected No. of cleavages No. of transferred No. of implantations No. of full-term pups No. of survived 

oocytes (% injected) embryos (% ET) (% ET) (% ET) 

Control Round spermatids 104 84 (80.8) 84 ND 7(83) 7 (8.3) 
ahES cells AH129-NC1 257 200 (77.8) 48 21 (10.5) o*t @) 

AH129-4 496 399 (80.4) 72 63 (15.8) 4 (1.0)** 1 (0.3) 

AH129-5 337 240 (71.2) 51 24 (10.0) 2 (0.8)** 1 (0.4) 
AHGFP-2 289 205 (70.9) 205 36 (17.6) o*t ©) 

AHGFP-4 241 170. (70.5) 170 ND 9'(5.3) 6 (3.5) 

AHGFP-6 sl/ 224 (70.7) 224 51 (22.8) 9 (4.0) 2 (0.9) 

Gene-modified ahES AHTg-1 65 50 (76.9) 50 18 (36.0) 2 (4.0) 2 (4.0) 
cells AHTg-2 125 93 (74.4) 93 37 (39.8) 3(3.2) ) 


*P<0.05 compared with control (two-tailed Fisher’s exact test). 
+P<0.05 compared with the best ahES-cell AHGFP-4 (two-tailed Fisher's exact test). 
ET, embryonic transfer. ND, not determined. 


retarded growth (Supplementary Fig. 13d). During the revision process 
of this manuscript, a further 23 full-term transgenic pups were obtained, 
of which 6 have survived so far (Supplementary Table 5). 

The production of normal progeny by ahES cells through ‘fertiliza- 
tion’ raises an intriguing question about the imprinting status of 
ahES cells, as the proper regulation of imprinted genes is essential 
for normal development of mammals**. We examined the differ- 
entially methylated regions (DMRs) of several genes in different cell 
lines by bisulphite sequencing. The DMRs of two maternally 
imprinted genes, Snrpn and Airn, kept their unmethylated status at 
both early and late cell passages, as in sperm (Supplementary Fig. 14a), 
whereas paternally imprinted genes (H19 and G#l2) showed incon- 
sistent methylation status, with the potential to keep sperm-like 
methylated status in early cell passages and to partially lose methyla- 
tion during passaging (Supplementary Fig. 14a). Whether this phe- 
nomenon was an intrinsic feature of ahES cells or caused by the 
culturing process requires further study. 

The methylation changes of these genes were reflected well in their 
expression levels (Supplementary Fig. 14b). We analysed the expres- 
sion of 90 imprinted genes in the mouse genome and detected reliable 
signals for 54 genes. Unexpectedly, the expression of these genes did not 
exhibit consistent parent-of-origin effects (Supplementary Fig. 14c). 
Four cell lines that produced live ICAI animals and two cell lines that 
failed to generate full-term ICAI pups were included in the study, and 
no group difference was found between them (Supplementary Fig. 14c). 

We tested further the correlation of abnormal development of ICAI 
pups and the aberrant regulation of imprinted genes in the alive and 
early-dead (died within 30 minutes after birth) ICAI mice. The expres- 
sion profiles of imprinted genes showed high concordance between 
healthy adult ICAI mice and age-matched wild-type controls, whereas 
there was more variation between the expression profiles of early-dead 
ICAI pups and controls (Supplementary Fig. 15a). The methylation level 
of Gnas was maintained well in all transgenic mice, but both early-dead 
mice lost imprinting at the H19 DMR, and one of them showed slight 
hyper-methylation at the Snrpn DMR (Supplementary Fig. 15b), 
suggesting a potential link between the abnormal development of ICAI 
embryos and the altered regulation of imprinted genes”. 

Our data shows that laboratory-produced haploid pluripotent stem 
cells, although epigenetically distinct from germ cells, could function 
like gametes to form zygotes and produce viable progenies, which may 
provide an invaluable resource for assisted reproduction. The produc- 
tion of fertile adult mice from ahES cells shows that the genetic 
information in haploid ES cells is functionally complete and stable, 
thus enhances the merits of haploid ES cells in genetic studies. During 
the revision process of this work, an independent study” also reported 
the production of androgenic haploid ES cells and the feasibility of 
using them to produce healthy progenies, which confirmed part of our 
findings. The establishment of stable haploid epiblast-stem-cell-like 
cell lines proved that the haploid status of ahES cells can be transmitted 
and stably maintained in other cell types under certain circumstances. 
The work also provides a new approach for genetic manipulation in 
animal models without available germline-competent ES cells, including 
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non-human primates”’, as modifications in such haploid stem cells 
could be transmitted to offspring through intracytoplasmic injection 
into mature oocytes, which may serve as a more efficient and simple 
strategy for gene-targeting studies. 


METHODS SUMMARY 


Androgenetic haploid embryos were reconstructed as described previously’. A 
total of 262 morula-stage embryos were plated in 4-well plates coated with 
mitomycin-C-treated mouse embryonic fibroblast (MEFs) as feeder cells and 
cultured with 2i medium”, from which 27 ahES cell lines were successfully derived. 
ahES cells were purified and examined for their haploid and pluripotent 
characteristics using standard methods. Approximately 1 X 10’ ahES cells were 
subcutaneously injected into the hind limbs of severe-combined-immune- 
deficiency mice to generate teratomas. Approximately 12-15 GO- or Gl-phase 
ahES cells collected immediately after FACS sorting were microinjected into each 
blastocysts to produce chimaeric embryos. ICAI was carried out as described"*, by 
injecting ahES cells into oocytes. The embryo development was examined at 
E13.5 and at full term. PGK-neo’ vectors were transfected into the ahES cells by 
electroporation and ICAI was carried out to generate transgenic animals. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 


Mice. Specific pathogen-free (SPF)-grade mice were obtained from Beijing Vital 
River laboratory animal centre and housed in the animal facilities of the Institute of 
Zoology, Chinese Academy of Sciences. All studies were carried out in accordance 
with the guidelines for the Use of Animals in Research issued by the Institute of 
Zoology, Chinese Academy of Sciences. Male mice of 129S2/SvPasCrlVr, B6D2F1 
(C57BL/6 X DBA/2), chicken B-actin-eGFP transgenic mice (gift from Q. Xu) 
and Oct4-eGFP transgenic mice backgrounds were used for sperm collection. 
Female mice of B6D2F1 (C57BL/6 X DBA/2) and CD-1 backgrounds were used 
to provide oocytes for micromanipulation. 

Androgenetic haploid embryo reconstruction. Reconstruction of androgenetic 
haploid embryos was carried out according to the one-step micromanipulation 
(OSM)’ method as described previously (Supplementary Fig. 1). In brief, MII 
oocytes were collected from 8-week-old B6D2F1 female mice by super-ovulation. 
The microinjection procedure was performed on a Piezo (PMAS-CT150, Prime 
Tech) drill micromanipulator (DMIRB, Leica). The sperm head was aspirated in 
the injection pipette (10 um internal diameter) and injected into 1 oocyte, and then 
the spindle of the oocyte was removed by the injection pipette while withdrawing it 
from the oocyte. Reconstructed embryos were cultured in KSOM-AA medium 
supplemented with 5 pg ml! of cytochalasin B at 37°C, 5% COs, for 5-6 h, then 
the cytochalasin B was removed and the embryos were cultured for a further 3 days 
to morula stage for ahES-cell derivation. 

Derivation of ahES cells. Haploid morulas were cultured in 2i medium as 
described previously? for cell-line derivation. The 2i medium consists of N2B27 
medium supplemented with 1 1M MEK inhibitor PD0325901 (Stemgent), 3 1M 
GSK3B inhibitor CHIR99021 (Stemgent) and mouse recombinant LIF (Millipore). 
Three culture systems were used for the derivation of haploid ES cells: 2i medium; 
2i medium with 2 uM p53 inhibitor Piffithrin-« (Calbiochem); and 2i medium 
supplemented with 2 uM p53 inhibitor Piffithrin-o, vitamin C (Sigma), «-lipid 
acid (Sigma) and «-tocopherol (Sigma). ahES cells derived from chicken B-actin- 
eGFP transgenic mice were cultured in 2i medium with 2 |\M piffithrin- and 5% 
knockout serum replacement (GIBCO). For the derivation of haploid ES cells, 
morulas were seeded in four-well dishes. The outgrowths were digested with 0.25% 
trypsin after being cultured for 5-7 days, ES-cell colonies usually appeared after 
2-3 days. ahES cells were cultured in 2i medium and passaged with a split ratio of 
1:3 every 2-3 days. 

Purification of haploid ES cells. After being cultured for 4-5 passages, ahES cells 
were purified by flow-cytometry sorting as described previously’. ahES cells were 
collected and single-cell suspensions were obtained by repetitive pipetting and 
transfer through a 40-11M cell strainer. Haploid and diploid ES cells were incu- 
bated with Hoechst 33342 (Invitrogen) and 50 uM Verapamil (Sigma) for 30 min 
at 37 °C and sorted or analysed on a BD FACSAria II (BD Biosciences). Diploid 
(2n) ES cells were used as a control. Flow-cytometric data were analysed using the 
ModFit software (Verity Software House) following the manufacture’s instruc- 
tions. Standard G-banding chromosome analysis was carried out to detect whether 
the ahES cells had a normal karyotype. Approximately 30 separate metaphase 
spreads were examined for each cell line. The chromosome images were arranged 
according to a previously published G-banded karyotype ideogram”’. 
Immunofluorescence microscopy, alkaline-phosphatase staining and western 
blot analysis. Immunostaining was carried out as reported previously’. In brief, 
samples were fixed with 4% paraformaldehyde (PFA) for 30 min at approximately 
20-25 °C, washed 3 times with 1X PBS, and penetrated with 0.5% Triton X-100 for 
30 min at approximately 20-25 °C. Non-specific sites were blocked with 500 11 2% 
BSA for 1 h at approximately 20-25 °C. The samples were then incubated with the 
primary antibody overnight at 4 °C. The used primary antibodies included anti- 
Oct4 (Santa Cruz), anti-Sox2 (Santa Cruz), anti-SSEA1 (Millipore), anti- Nanog 
(Abcam), anti-Nestin (Millipore), anti-Doublecortin (Santa Cruz), anti-SmC 
(Abcam), anti-Tujl (Millipore) and anti-MAP2 (Millipore). Samples were washed 
with 1% PBS on the second day, followed by incubating with AlexaFlur 488- 
conjugated secondary antibody (diluted in 2% BSA) at approximately 20-25 °C 
for 1h, and observed under confocal microscope (ZEISS, LSM 780 META). An 
alkaline-phosphatase-staining kit (Sigma) was used according to the manufac- 
turer’s instructions. Observations were made using an inverted microscope 
(Leica DMI3000B, Leica Co.). 

For western blot analysis, protein samples were extracted from ahES cells, MEF 
cells and R1 ES cells, epiblast stem cells and epiblast-stem-cell-like cells. Equal 
amount of each protein sample were electrophoresed on SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) (10%) gels, then transferred onto a polyvinylidene 
fluoride (PVDF) membrane. Blocked membranes were incubated with anti-Oct4 
antibody (Santa Cruz), anti-Nanog (Abcam) or anti-Gata4 (Santa Cruz) at 4°C 
overnight. After washing, horseradish peroxidise (HRP)-conjugated second 
antibody (1:1000 dilution; WAKO) was added to the membranes and incubated 
at approximately 20-25 °C for 1h, and further washing was carried out. The 


immunoactivity was detected using an ECL detection kit (Millipore). The quan- 
tification of the results was accomplished using the computerized imaging pro- 
gram Quantity One (Bio-Rad). 

Derivation of haploid epiblast-stem-cell-like cells. Derivation of haploid 
epiblast-stem-cell-like cells from haploid ahES cells was carried out as described 
previously’’, but with some modifications. ahES cells were dissociated using 0.25% 
trypsin and plated on the fibronectin-coated 4-well plates (5.6 X 10* cells per cm’), 
cultured with N2B27 medium supplemented with 12ng ml’ bFGF, 20ng mI" 
activin A, p53 inhibitor (2 uM) and y-27632 (5 tM). Haploid cells were purified by 
FACS sorting after 2-3 days post differentiation, then replated and cultured with 
N2B27 medium until confluent. Stable haploid epiblast-stem-cell-like cell lines 
(>85%) were established after 4 or more rounds of FACS sorting. 
Embryoid-body formation and neural differentiation. Embryoid bodies were 
generated from ahES cells and diploid ES cells following protocols reported previ- 
ously”’. ES cells were digested with 0.25% trypsin, and suspended in gelatin-coated 
dishes for half an hour to remove feeder cells. The suspended ES cells were then 
collected and cultured as floating aggregations in the differentiation medium. The 
differentiation medium consisted of DMEM/F12 medium (GIBCO) supplemented 
with 10% knockout serum replacement (GIBCO), 0.1 mM non-essential amino 
acid (GIBCO), 2 mM Glutamax, 0.1 mM f-mercaptoethanol and 1 X penicillin- 
streptomycin solution. After 2 or 3 days, small aggregated embryoid bodies could 
be seen as spheres under the microscope. Neural differentiation was modified from 
a protocol reported previously’. Embryoid bodies were collected after culture on 
the differentiation medium for 6days and attached on dishes coated with 
polyornithine (100 pg ml!) and fibronectin (10 ng ml). Meanwhile, the culture 
medium was changed into N2 medium, which consisted of DMEM/F12 
supplemented with 1x N2, 2mM glutamine and 1 X penicillin-streptomycin 
solution. After another 6 days, attached embryoid bodies expanded well and 
abundant neural precursors were formed. The expanded embryoid bodies were 
digested with 0.05% trypsin and transferred to the neural-stem-cell medium. The 
NSC medium consisted of DMEM/F12 medium supplemented with neurobasal 
medium (GIBCO) at a 1:1 ratio, 0.0025% bovine serum albumin fraction V, 
0.5 X N2, 0.5 X B27, 2mM glutamax, 0.1mM {-mercaptoethanol, 10 pg ml! 
insulin, 1X penicillin-streptomycin solution, 20ngml' FGF2 (R&D systems) 
and 20 ng ml’ mouse EGF (Peprotech). Digested embryoid bodies were cultured 
as suspensions to generate purified neurospheres. The purified neural stem cells 
were then attached on dishes coated with polylysine (50 1g ml!) and laminine 
(5 pg ml") for expansion”. All neural stem cells were characterized by morpho- 
logical examination and immunostaining of specific markers. Differentiation was 
carried out in neuronal differentiation medium (N2B27 medium supplemented 
with 10ng ml’ human NT3 and 10ng ml? human brain-derived neurotrophic 
factor (BDNEF)) for 15 days and then cells were fixed with 4% paraformaldehyde for 
immunostaining. 

Teratoma formation. Teratoma analysis was carried out to evaluate the pluripotency 
of ahES cells. Approximately 1 < 10” ahES cells were injected subcutaneously into the 
hind limbs of 6-week-old male severe-combined-immune-deficiency beige mice. 
After approximately 4 weeks, fully formed teratomas were dissected and fixed with 
1X PBS containing 4% paraformaldehyde, embedded in paraffin, sectioned and 
stained with haematoxylin and eosin for histological analysis. 

Diploid blastocyst injection. Chimaera generation was also carried out to evaluate 
the pluripotency of ahES cells in vivo. Super-ovulated female CD-1 mice (1.5 days 
post coitum (1.5 d.p.c.)) were killed to collect recipient embryos. Approximately 
12-15 FACS-selected G0- or Gl-phase ahES cells were microinjected into each 
blastocyst to produce a chimaeric embryo. After 1-4h, these manipulated embryos 
were transferred into the oviduct of psedudopregnant CD-1 mice at 0.5 d.p.c. or 
2.5 d.p.c. Chimaeras were identified by their coat colours or eGFP expression. 
DNA-content analysis of in vivo differentiated ahES cells. Chimaeras derived 
by microinjection of ahES cells (AHGFP-4) into diploid CD-1 blastocysts were 
killed and dissected to perform DNA content analysis. Chimaeric fetuses (E6.5 and 
E12.5) and 4 organs (heart, liver, spleen and kidney) of adult chimaeras were 
dissected and digested into single cells with 0.05% trypsin with EDTA at 37°C 
for 20 min. Cells were fixed in 4% PFA at 4°C overnight. Fixed cells were incu- 
bated with 10 pg ml-' Hoechst 33342 and 10 pg ml’ RNase at 37 °C for 20 min. 
Flow-cytometric data were recorded on BD FACSAria II (BD Biosciences). The 
DNA content of differentiated ahES cells in vivo was analysed by ModFit software 
(Verity Software House) and graphed by Flowjo 7.6 software (Tree Star Institute). 
Intracytoplasmic ahES-cell injection. The reproductive function of ahES cells 
was shown using the ICAI procedure. The ICAI procedure was modified from a 
previously reported round-spermatid-injection (ROSI)’* procedure (Supplemen- 
tary Fig. 10). In brief, matured MII oocytes were collected from the oviduct of 
super-ovulated 8-week-old female CD-1 mice. GO- or Gl-phase and metaphase 
ahES cells were chosen as donors. To purify GO- or G1-phase cells, Hoechst 33342 
staining method was applied to analyse the cell cycle of ahES cells, from which the 
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GO0- or G1-phase cells were collected to perform the ICAI procedure. For ahES-cell 
injection, oocytes were pre-activated by 10mM SrCl, in calcium-free CZB 
medium for 30 min before microinjection. The donor cells were then injected into 
oocytes separately to construct ICAI embryos by microinjection. The constructed 
embryos were activated by 10 mM SrCl, in calcium-free CZB medium at 37 °C 
with 5% CO, for 3h. Completely activated embryos were transferred to KSOM- 
AA medium at 37°C with 5% CO. The 2-cell stage or blastocyst stage ICAI 
embryos were transferred to the oviduct of psedudopregnant CD-1 mice at 
0.5 d.p.c. At 13.5 days after embryo transfer, psedudopregnant CD-1 mice were 
killed to collect the E13.5 ICAI fetus. Images of the E13.5 ICAI embryos were 
captured using a Discovery V20 (ZEISS). Full-term pups derived from ICAI 
embryos were obtained through natural labour or caesarean section. To evaluate 
the development of ICAI embryos, the ROSI experiment was carried out as a 
control. 

Comparative genomic hybridization analysis. CGH analysis was performed to 
detect any DNA copy number variants (CNVs) of ahES cells. Genomic DNA of 3 
ahES-cell lines (AH129-5, AH129-NC1, AH129-N1) was extracted and equal 
amounts of DNA were used to hybridize to NimbleGen 3X 720K whole-genome 
tiling arrays (NimbleGen) with the male 129S2/SvPasCrl kidney DNA as a ref- 
erence following protocols described previously’. The data were analysed using the 
company-provided (NimbleGen) software. 

Global gene-expression analysis. Total RNA was extracted by Trizol (Invitrogen) 
as described previously”. Ten micrograms biotin-labelled CRNA (antisense RNA) 
was hybridized to GeneChip Mouse Genome 430 2.0 Array (Affymetrix). After 
hybridization and washing, the intensity of the fluorescence of the array chips was 
measured using the Affymetrix GeneChip Scanner GCS3000 according to the 
manufacturer’s instructions. The expression-analysis file created from each chip 
scanning was imported into GeneSpring 11.5.1 (Agilent) for normalization and 
analysis. Normalization was carried out using MASS. The Student’s t-test was used 
to identify differently expressed genes with threshold of P value of <0.05 anda fold 
change of >1.5. 

Simple sequence length polymorphism analysis. Simple sequence length poly- 
morphism (SSLP) analysis was carried out as reported previously”. The sequences 
of primer pairs were adopted from the Mouse Genome Informatics website (http:// 
www.informatics.jax.org/). DNA was extracted from tail tips of the ICAI fetuses 
and ahES cells. PCR products were separated by 3.5% agarose gels and visualized 
by gel imaging (Bio-Red) with ethidium bromide staining. 


LETTER 


Bisulphite genomic sequencing. Genomic DNA was treated with the EpiTect 
Bisulphite Kit (Qiagen) according to the manufacturer’s instructions. DMRs of 
H19, Gtl2, Snrpn, Airn and Gnas were amplified with nested primers 
(Supplementary Table 6). The first round of PCR was performed using 95°C 
for 5 min; then 30 cycles of 94°C for 30s, 52 °C for 30s and 72°C for 30s. One 
microlitre of the first-round PCR product was used as a template for the second 
round of PCR, which was performed with 95 °C for 5 min; then 35 cycles of 94°C 
for 30s, 55°C for 30s and 72°C for 30s. The PCR products were cloned into 
pMD18-T vectors (Takara) and sequenced further for unmethylated C to T con- 
version. At least 10 randomly selected clones were sequenced and analysed for 
each gene. 

Transgenic manipulation of ahES cells. To carry out transgenic manipulation in 
ahES cells, GO- or Gl-phase haploid cells were purified by FACS sorting and 
cultured further to reach 5 X 10° cells (usually 1 to 2 passages). A total of 
5 X 10° cells were electroporated with 25 j1g plasmid carrying a PGK-neo" cassette 
by Multiporator (Eppendorf) at 300 V and 300 i's, according to the manufacturer’s 
instructions. Then the cells were plated onto 7 100-mm dishes coated with G418- 
resistant feeders and selected by 250 jg ml’ G418 (Invitrogen) for 7 days. G418- 
resistant colonies were picked out for transgenic sub-cell-line derivation. Haploid 
transgenic cell lines carrying neo’ gene were used for transgenic ICAI mice 
production. Except for G418 resistance, the presence of transgenes was further 
confirmed by PCR amplification of the neo’ gene with specific primers: forward, 
5'-CAGGTTCTCCGGCCGCTTG-3’; reverse, 5’-TCGCCGCCAAGCTCTTCA 
GC-3'. The PCR condition was 95 °C for 5 min, then 35 cycles of 95°C for 30s, 
61°C for 30s and 72 °C for 40s. 

Statistical analysis. Statistical analysis was carried out using SPSS 17.0 statistical 
software. The Student’s t-test was used for statistical analysis. For all statistical 
analyses, a value of P< 0.05 was considered to be statistically significant. 
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Melanomas resist T-cell therapy through 
inflammation-induced reversible dedifferentiation 
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Adoptive cell transfer therapies (ACTs) with cytotoxic T cells that 
target melanocytic antigens can achieve remissions in patients with 
metastatic melanomas, but tumours frequently relapse’”. Hypo- 
theses explaining the acquired resistance to ACTs include the selec- 
tion of antigen-deficient tumour cell variants** and the induction 
of T-cell tolerance®. However, the lack of appropriate experimental 
melanoma models has so far impeded clear insights into the under- 
lying mechanisms. Here we establish an effective ACT protocol ina 
genetically engineered mouse melanoma model that recapitulates 
tumour regression, remission and relapse as seen in patients. We 
report the unexpected observation that melanomas acquire ACT 
resistance through an inflammation-induced reversible loss of 
melanocytic antigens. In serial transplantation experiments, mela- 
noma cells switch between a differentiated and a dedifferentiated 
phenotype in response to T-cell-driven inflammatory stimuli. We 
identified the proinflammatory cytokine tumour necrosis factor 
(TNF)-a as a crucial factor that directly caused reversible dediffer- 
entiation of mouse and human melanoma cells. Tumour cells 
exposed to TNF-a were poorly recognized by T cells specific for 
melanocytic antigens, whereas recognition by T cells specific for 
non-melanocytic antigens was unaffected or even increased. Our 
results demonstrate that the phenotypic plasticity of melanoma cells 
in an inflammatory microenvironment contributes to tumour 
relapse after initially successful T-cell immunotherapy. On the basis 
of our work, we propose that future ACT protocols should simulta- 
neously target melanocytic and non-melanocytic antigens to ensure 
broad recognition of both differentiated and dedifferentiated mel- 
anoma cells, and include strategies to sustain T-cell effector func- 
tions by blocking immune-inhibitory mechanisms in the tumour 
microenvironment. 

Primary melanomas frequently show lymphoid infiltrates with local 
regression, suggesting that the immune system can restrain tumour 
growth. The identification of target antigens recognized by melanoma- 
infiltrating cytotoxic T cells (CTLs) enabled the development of thera- 
peutic approaches to reinforce cellular anti-tumour immunity’®*. 
ACTs with in vitro expanded CD8* CTLs specific for the melanocytic 
differentiation antigens Melan-A (also known as MART-1) or gp100 
(also known as Pmell7) effectively induce regression of melanoma 
metastases in the clinic”’°. However, tumours often relapse after a period 
of remission, suggesting that they acquire resistance to T-cell therapy’. 
To study the mechanisms of ACT resistance, we generated an appro- 
priate preclinical in vivo model that recapitulates the regression, re- 
mission and relapse of melanoma as observed in patients. First, we 
established genetically engineered mice in which melanocyte trans- 
formation and tumour progression is driven by deregulated receptor 
tyrosine kinase signalling due to transgenic overexpression of hepatocyte 
growth factor (HGF) and impaired p16'"“**-dependent cell cycle regu- 
lation due to an oncogenic CDK4(R24C) germline mutation'"*. Second, 


we developed an effective ACT protocol similar to treatment regimens 
used in the clinic, consisting of chemotherapeutic preconditioning with 
cyclophosphamide, an adoptive transfer of gp100-specific CD8* CTLs 
derived from Pmel-1 T-cell receptor (TCR)-transgenic mice that 
are activated in vivo with a recombinant adenoviral vector vaccine 
expressing gp100 (Ad-gp100), and three injections with the immuno- 
stimulatory nucleic acids CpG and polyriboinosinic:polyribocytidylic 
acid (poly(I:C))"*. This ACT protocol can induce regression of macro- 
scopically visible melanomas in most HGF-CDK4(R24C) mice. 
However, after two months of remission, tumours frequently resume 
progressive growth’*"*. 

A booster vaccination with Ad-gp100 expands persisting gp100- 
specific Pmel-1 memory CTLs in HGF-CDK4(R24C) mice with mela- 
noma relapse™. Investigations in larger cohorts of HGF-CDK4(R24C) 
mice showed that CTL reactivation delayed melanoma progression and 
significantly increased survival compared with mice that were not revac- 
cinated (351+ 34 (mean+s.e.m.) versus 257+ 31 days, P<0.01; 
Fig. la and Supplementary Fig. 1). Thus, one reason for melanoma 
relapses in our experimental system is the gradual loss of T-cell effector 
functions. However, we also noted that some melanomas with late 
relapse after long-term remission showed hypomelanotic tumour areas 
with partial loss of gp100 expression and significantly increased 
CD45* immune cell infiltration, a pattern never seen in control 
tumours (Fig. 1b-d and Supplementary Fig. 2a—-c). Although some 
gp100-specific CD8* CTLs were still present in relapsed tumours, 
most infiltrating immune cells consisted of CD11b* myeloid cells 
(Fig. 1d and Supplementary Fig. 2d). Accordingly, the gene expression 
levels of key proinflammatory cytokines were significantly enhanced in 
relapsed tumours compared with controls (Fig. le). 

On the basis of these findings, we proposed that the loss of antigen 
expression in melanoma cells and diminished T-cell effector functions 
in an inflammatory tumour microenvironment may be co-existing or 
even functionally connected resistance mechanisms that together con- 
tribute to acquired ACT resistance. However, our results obtained 
in HGF-CDK4(R24C) mice, in which carcinogen-induced autoch- 
thonous melanomas show regression, remission and relapse after suc- 
cessful ACT, require careful interpretation. In this model it can not be 
ruled out that delayed but independently arising melanomas could be 
erroneously considered as relapsed melanomas. We therefore estab- 
lished a more controlled experimental setting using the melanoma cell 
line HCmel3 derived from a primary HGF-CDK4(R24C) melanoma. 
HCmel3 cells show a typical melanocytic appearance in vitro and closely 
recapitulate the growth kinetics and histomorphology of parental 
primary melanomas after transplantation into syngeneic and immu- 
nocompetent C57/BL6 mice in vivo (Supplementary Fig. 3). 

Using this cell line we could now treat groups of mice bearing single 
tumours of defined origin. As expected, established HCmel3 melano- 
mas regressed in most C57BL/6 mice treated with our ACT protocol. 
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Figure 1 | HGF-CDK4(R24C) melanomas resisting ACT with gp100- 
specific CTLs show partial loss of antigen expression in an inflammatory 
tumour microenvironment. a-j, The primary (a-e) and transplanted HGF- 
CDK4(R24C) (f-j) melanoma model. a, f, Experimental protocols (top) and 
tumour growth kinetics in individual mice treated as indicated (bottom, 

n = 5-6). DMBA, 7,12-dimethylbenz(a)anthracene; Re, restim; Tx, transplant. 


In a subset of these mice, tumours also relapsed after a prolonged 
period of remission (Fig. 1f and Supplementary Fig. 3b). Relapsed 
HCmel3 melanomas showed a macroscopically visible morphological 
heterogeneity (Supplementary Fig. 3c, d) and prominent loss of gp100 
expression in association with increased immune cell infiltration, 
again consisting of some CD8* CTLs and many CD11b* myeloid 
cells (Fig. 1g-i). Accordingly, relapsed tumours expressed enhanced 
messenger RNA levels of proinflammatory cytokines compared 
with controls (Fig. 1j). These results recapitulate our findings with 
the carcinogen-induced spontaneous melanomas (Fig. la-e) and 
unambiguously demonstrate the development of true acquired resist- 
ance to gp100-specific T-cell immunotherapy associated with focal loss 
of target antigen expression in an inflammatory microenvironment. 
The HCmel3 model allowed us to analyse the mechanism of 
acquired therapy resistance on a cellular level further by comparing 
parental HCmel3 melanoma cells with those derived from relapsed 
melanomas, designated as HCmel3-R. Six such relapse cell lines uni- 
formly showed an amelanotic phenotype in vitro, and they neither 
expressed the T-cell target antigen gp100 nor the melanocytic protein 
TRP2, suggesting that HCmel3-R cells may have acquired a dediffer- 
entiated phenotype (Fig. 2a). Accordingly, HCmel3-R3 cells showed 
strongly reduced recognition by gp100-specific Pmel-1 CTLs (Fig. 2b). 
After re-transplantation into new recipient C57BL/6 mice, HCmel3-R3 
cells grew with similar kinetics to parental HCmel3 cells. Surprisingly, 
we found that these HCmel3-R3 tumours were again susceptible to 
ACT with Pmel-1 CTLs owing to near complete restoration of gp100 
expression in vivo, which was again considerably reduced in an inflam- 
matory microenvironment of melanomas that resisted ACT a second 
time (Fig. 2c-f). These findings indicated that acquired therapy resistance 
in relapsed tumours involves a reversible downregulation of antigen 
expression associated with T-cell driven inflammation rather than 


f tx 


ACT  Restim h 
HCmel3 © * 
5 100 
t t $ Monitoring os a 
BS 
TY o~— 
0 35 70 105 140 210 ES 
Fe 
Days after Tx of HCmel3 oe 
a Ctrl Relapse 
— Ctrl — ACT + Re 2 “ 
3 £10 
—— i ™@ Ctrl M@ Relapse 
= 6 = F 
S £ _ 145 4- 
= 21 = 74 2 
0 70 140 210 3 
Days after Tx of HCmel3 —£ oJ 0 
# CD45+ CD8* 
g Tx HCmel3 2 Bg. _* : 
Control Relapse r= 
o Se Ma tara) x2) 4- 
8 a 1] 
0 lux 
Gri* Gr1- 
CD11b* CD11b* 
j 
5 @ Ctrl @ Relapse 
gp100 CD45 DAPI B 
fo 
x 
oO 
oO 
2 
& 
oO 
iia 


50 um 


b, g, Immunohistochemical stain for gp100 (top) and corresponding 
immunofluorescence analysis for gp100 and CD45 (bottom) of a control anda 
relapse melanoma. DAPI, 4’,6-diamidino-2-phenylindole. c, h, Quantification 
of gp100 expression (n = 10). d, i, Flow cytometric analysis of tumour- 
infiltrating immune cells (mean percentage + s.e.m.,n = 8).e,j, Real-time PCR 
analysis of tumours (n = 5). *P < 0.05; **P<0.01. 


the expected selection of stably antigen-deficient tumour cell variants 
with persistent genetic loss of the antigen. 

To get a more complete picture of the inflammation-induced 
changes, we performed whole genome mRNA expression analyses of 
control, relapsed and re-transplanted HCmel3 melanomas. Consistent 
with our results so far, we found a reversible downregulation of 25 
pigmentation genes in relapsed tumours accompanied by a broad 
upregulation of immune-response genes (Supplementary Fig. 4 and 
Supplementary Tables 1 and 2). A Gene Ontology (GO) analysis 
suggested that infiltrating myeloid immune cells suppress CTL effector 
functions through the production of interleukin (IL)-10 and nitric 
oxide, consistent with a large body of literature’. Next, we integrated 
gene expression data from in vitro cultures of dedifferentiated HCmel3 
relapse lines to subtract immune-cell-associated profiles, and iden- 
tified a set of cell adhesion, migration and extracellular matrix genes 
that is reversibly upregulated in relapsed HCmel3 melanomas in vivo 
(Supplementary Fig. 5 and Supplementary Tables 3 and 4). These results 
strongly suggest a mesenchymal-like phenotype switch of melanoma 
cells in the context of an inflammatory microenvironment. 

Relapsed HCmel3 melanomas showed an increased proportion of 
spindle-shaped tumour cells. In areas with intense immune cell infil- 
tration these spindle-shaped cells strongly expressed nerve growth 
factor receptor (NGFR, also known as CD271), a neural crest marker 
that discriminates human desmoplastic melanomas lacking melano- 
cytic antigens from other neoplasms in clinical histopathology’® 
(Fig. 3a). Approximately 25% of HCmel3 cells also expressed NGFR 
along with low levels of gp100 in vitro (Fig. 3b). On the basis of these 
findings, we proposed that the melanocytic differentiation status 
may be dynamically regulated in the tumour microenvironment by 
immune cell-derived proinflammatory mediators as seen at relapse to 
ACT. Consistent with this notion, we observed upregulation of NGFR 
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Figure 2 | Loss of gp100 antigen expression in relapsed HGF- 
CDK4(R24C) melanoma lines is reversible after re-transplantation. a, In 
vitro morphology (top) and immunoblot analysis (bottom) of parental and 
relapse HCmel3 (termed HCmel3-R) cells. b, Recognition by gp100-specific 
CTLs in IFN-y ELISpot assays (mean spot number = s.e.m. of triplicates). 
gp100,225-33 denotes a synthetic peptide corresponding to amino acids 25-33 of 
gp 100. c, Growth kinetics of re-transplanted HCmel3-R3 tumours in individual 
mice treated as indicated (n = 7). d, Immunohistochemical stain for gp100 
(top) and corresponding immunofluorescence analysis for gp100 and CD45 
(bottom). e, Quantification of gp100 expression (n = 5). f, Flow cytometric 
analysis of tumour-infiltrating immune cells (mean percentage = s.e.m., 
n=5). *P<0.05; **P<0.01. 


expression and downregulation of gp100 expression 72 h after incuba- 
tion of HCmel3 cells with conditioned medium from activated T cells 
or macrophages (Supplementary Fig. 6). Among the cytokines secreted 
by these immune cells we identified TNF-% as a potent stimulator 
of NGFR expression (Supplementary Fig. 7). TNF-a, but not IL-1f 
or IL-6, also decreased gp100 expression leading to poor recognition 
by gp100-specific Pmel-1 CTLs (Fig. 3c—e). Blockade of TNF-« by the 
TNFR2-IgG fusion protein partially restored gp100 expression and 
T-cell recognition that was downregulated by conditioned medium from 
activated T cells or macrophages (Fig. 3f, g). Finally, gene expression 
profiling showed that the transcriptional response to TNF-« includes 
the downregulation of 25 pigmentation genes and resembles the 
changes observed in HCmel3 relapse cell lines compared with parental 
HCmel3 cells (Supplementary Fig. 8 and Supplementary Tables 5 and 
6). These observations demonstrate that immune cell-derived TNF-« 
is an important inflammatory mediator that promotes dedifferentia- 
tion of melanoma cells resulting in impaired recognition by melanocyte- 
specific T cells. 

TNF-o-mediated dedifferentiation of HCmel3 cells proceeded 
within 72 h and did not require selective proliferation or apoptosis of 
subpopulations as evidenced by experiments with the cell cycle inhi- 
bitor aphidicolin (Supplementary Fig. 9). Furthermore, highly pure 
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Figure 3 | Proinflammatory mediators directly promote HGF- 
CDK4(R24C) melanoma cell dedifferentiation leading to impaired 
recognition by gp100-specific CTLs. a, Immunofluorescence analysis for 
gp100 and NGEFR of a control and a relapse HCmel3 melanoma. b, NGFR 
surface expression on HCmel3 cells (left) and corresponding 
immunofluorescence analysis for gp100 and NGER (right). c, Corresponding 
analyses after 72h exposure to TNF-«. d, f, Immunoblot analyses of HCmel3 
cells treated for 72 h as indicated. CM, conditioned media; MPH, macrophages; 
TC, T cells. e, g, Recognition of HCmel3 cells treated as indicated by gp100- 
specific CTLs in IFN-y ELISpot assays (mean spot number + s.e.m. of 
triplicates). *P < 0.05. 
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fluorescence-activated cell sorting (FACS)-sorted NGFR'” gp100* 
melanoma cells also completely converted to an NGFR™ gp100'° 
phenotype after TNF-« exposure (Supplementary Fig. 10). Within 
12 days, both NGFR'” gp100* and NGFR* gp100'°” FACS-sorted 
HCmel3 cells spontaneously returned to their equilibrium between 
differentiated and dedifferentiated cells, as seen before sorting. The 
plasticity of HCmel3 cells was also observed in vivo, as TNF-o-treated 
and -untreated HCmel3 cells showed similar growth kinetics, histo- 
morphology and gp100 expression when transplanted into C57BL/6 
mice (Supplementary Fig. 11). These data support a model in which 
differentiated and dedifferentiated melanoma cell subpopulations exist 
in a dynamic, interconvertible equilibrium state that rapidly adapts to 
inflammatory signals in the environment. 

In subsequent experiments we addressed whether the observations 
in our mouse model could be extended to the human system. We 
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found that TNF-« upregulated NGFR expression and downregulated 
gp100 and Melan-A expression in several human melanoma cell lines, 
including the highly differentiated MZ7-MEL and the poorly differ- 
entiated SK-MEL-29 cells (Fig. 4a—d). In agreement with our findings 
using mouse HCmel3 cells, we observed that the TNF-«-mediated 
conversion of NGFR'°” gp100* differentiated MZ7-MEL cells to an 
NGFR* gp100°” phenotype also did not require cell proliferation 
(Supplementary Figs 12 and 13). Finally, cutaneous metastases from 
patients with melanoma showed selective expression of NGFR on 
melanoma cell subpopulations in close association with infiltrating 
immune cells, further supporting the clinical relevance of our findings 
(Supplementary Fig. 14). 

The availability of several autologous tumour-specific CTL clones 
recognizing both shared melanocytic antigens and individual mutated 
antigens expressed by MZ7-MEL and the SK-MEL-29 cells allowed us 
to study the effect of TNF-« on T-cell recognition carefully’*”’. 
Interferon (IFN)-y enzyme-linked immunosorbent spot (ELISpot) 
assays showed a selectively impaired recognition of TNF-a-treated 
MZ7-MEL cells by CTLs specific for gp100, whereas the recognition 
by CTLs specific for the mutated SNRPD1 protein was not affected 
(Fig. 4e). Furthermore, we found a selectively impaired recognition 
of TNF-o-treated SK-MEL-29 cells by CTLs specific for Melan-A, 
and notably the recognition by CTLs specific for the mutated CDK4 
protein was increased (Fig. 4f). Similar data were obtained with two 
other melanoma cell lines and matched autologous CTL clones specific 
for melanocytic and non-melanocytic antigens (not shown). Thus, we 
conclude that inflammation-induced dedifferentiation of melanoma 


a b @Untreated @ 72h TNF-a 
MZ7-MEL cells MZ7-MEL t 
18% 76% DO5 b _.. Ape x 
5 3 D41 ¢ 
oO oO 
10? 102104 10° 102 10310410° 0 25 50 75 100 
NGFR NGFR NGFR* cells (%) 
c MZ7-MEL cells d MZ7-MEL SK-MEL-29 
Untreated 72 h TNF-a WME) 
NGFR eae om 75 kDa 
gp1 OO }-7 95 kDa 


Melan-A a = 


B-actin || 42 kDa 


15 kDa 


gp100 NGFR DAPI = gp100 NGFR DAPI 


e MZ7-MEL f SK-MEL-29 
gp100/B07  SNRPD1mut/B38 Melan-A/A02  CDK4mut/A02 
» (CTL 12/82) — (CTL 15/165) (CTL 11/33) (CTL 14/35) 
500) ** — 500 % 3007 + —» 300 
(3) lad O 
2 8 O 8 
- oO ss =e 
x = 4 2 
1 250 '; 250 150 150 
aD ® 
o a. a a 
a 2 n n 
E 3 g g 
ie} 
1 “a 
& 0 ze 0 ZS on 0 ES an O zs 
Oo Ww O Ow Oo 
= Zz = Zz 
- 7 -F a 


Figure 4 | TNF-a induces human melanoma cell dedifferentiation leading 
to selectively impaired recognition by autologous CTLs specific for 
melanocytic antigens. a, b, Effect of TNF- on NGFR surface expression on 
different human melanoma cell lines (n = 6-9). c, Immunofluorescence 
analysis for gp100 and NGEFR of control and TNF-«-exposed human MZ7- 
MEL cells. d, Immunoblot analyses of control and TNF-o-exposed human 
MZ7-MEL and SK-MEL-29 cells. e, f, Effect of TNF- on the recognition of 
MZ7-MEL and SK-MEL-29 cells by the indicated autologous CTL clones in 
IFN-y ELISpot assays (mean spot number + s.e.m. of triplicates). **P < 0.01. 
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cells is a clinically relevant mechanism of acquired resistance to T-cell 
therapy directed against melanocytic antigens. 

On the basis of our work we propose that future ACT protocols 
should simultaneously target melanocytic and non-melanocytic 
antigens to ensure broad recognition of both differentiated and 
dedifferentiated melanoma cells. This seems especially important for 
TCR gene transfer strategies, which have so far been primarily directed 
against melanocytic antigens'*'. We expect that the therapeutic 
success of ACT also depends on the functional reactivation and 
proliferation of other T cells that already pre-exist in tumour tissue, 
as has been demonstrated in melanoma vaccination studies”. These T 
cells can recognize truly tumour-specific mutated antigens that are not 
affected by inflammation-driven plasticity. 

Given that our ACT model recapitulates clinically relevant aspects of 
progressive impairment of T-cell effector functions, we also explored 
the expression of PD-L1 (also known as CD274) on melanoma cells 
because targeted disruption of its interaction with the co-inhibitory 
receptor PD-1 on activated T cells potentiates ACT in mice” and can 
induce melanoma regression in some patients”*”». In line with a recent 
report”® we found that conditioned medium from activated T cells, 
and in particular IFN-y but not TNF-«, strongly upregulated the 
expression of PD-L1 and major histocompatibility complex (MHC) 
class I on melanoma cells (Supplementary Fig. 15). Thus, IFN-y- 
dependent PD-L1 upregulation and TNF-«-dependent dedifferentia- 
tion represent two functionally connected inflammation-induced 
adaptive mechanisms that together contribute to acquired ACT resist- 
ance. These findings provide a foundation for future work to optimize 
ACT with clinically relevant combination therapies in our experi- 
mental model. 

In summary, our study demonstrates that the immunoselection of 
tumour cell variants that escape CTL recognition owing to persistent 
genetic alterations, as predicted by the immunoediting theory**”””, is 
not a prerequisite for melanoma cells to acquire resistance to ACT 
targeting melanocytic lineage antigens. Instead, we found that mela- 
noma cells can resist ACT by a reversible process of dedifferentiation 
in response to the T-cell induced inflammatory microenvironment. 
We propose that this inflammation-induced phenotypic plasticity 
observed both in the mouse and human models represents a previously 
unrecognized dynamic form of immunoediting, in which proinflamma- 
tory factors such as TNF-o secreted by macrophages and T cells in the 
microenvironment reversibly alter the dynamic equilibrium between 
differentiated and dedifferentiated melanoma cells. We assume that this 
cell-extrinsic adaptive mechanism of immune escape predominates in 
cases of extensive local inflammation, as observed in our experimental 
setting, in which ACT targets and destructs large established tumours. 
Studies addressing the tumorigenic potential of human melanoma 
cell subpopulations in immunodeficient mice led to the suggestion 
that the emergence of NGER'‘, dedifferentiated melanoma cells allows 
tumours to escape immune cell control’’. Our results now provide the 
first experimental proof for this hypothesis. The microenvironment- 
dependent regulation of NGFR and melanocytic lineage markers 
established by our study may also help to characterize the cellular 
heterogeneity of individual melanomas and the spectrum of histolo- 
gical variants that probably reflect the plasticity of the neural crest lin- 
eage. Finally, our results provide new insights into the important role of 
dynamic changes in the microenvironment as a mechanism of therapy 
resistance that is at present also emerging for targeted inhibitors of 
signal transduction pathways in BRAF(V600E) mutant melanomas”. 


METHODS SUMMARY 

Animal experiments. Wild-type, melanoma-prone HGF-CDK4(R24C) and 
TCR-transgenic Pmel-1 C57BL/6 mice were bred as described previously'*. Mice 
bearing palpable primary carcinogen-induced or transplanted HGF-CDK4(R24C) 
melanomas received the ‘CLVI adoptive cell therapy protocol’*. Tumour sizes were 
recorded weekly and mice killed when progressively growing melanomas exceeded 
10mm or when signs of illness were observed. All animal experiments were 
approved by the local government authorities (LANUV, NRW, Germany) and 
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were performed according to the institutional and national guidelines for the care 
and use of laboratory animals. 

Tumour analyses. Haematoxylin and eosin (H&E) staining and immunohistology 
were performed with antibodies against gp100, NGFR and CD45. Tumour- 
infiltrating immune cells were analysed by flow cytometry with antibodies against 
CD45, CD8a, CD90 (also known as Thy1.1), Gr-1 and CD11b. Gene expression was 
determined by real-time PCR analysis and by complementary DNA microarrays. 
Cell culture, cytokine treatment and analyses. Mouse melanoma cell lines estab- 
lished from primary or transplanted HGF-CDK4(R24C) melanomas and human 
melanoma cell lines were maintained in RPMI with 10% FCS and supplements. 
Responses to conditioned media or recombinant cytokines were analysed by 
FACS, immunofluorescence and immunoblots with antibodies against mouse or 
human gp100, TRP2, Melan-A, NGFR, PD-L1 and MHC class I. 

Recognition of melanoma cell lines by CTLs. Antigen-specific secretion of 
IFN-y by mouse Pmel-1 CTLs or by human autologous CTL clones derived from 
mixed tumour lymphocyte cultures with MZ7-MEL or SK-MEL-29 (refs 13, 18) 
was assayed using the ELISpot technique. 

Statistics. Statistical analyses were performed using the unpaired two-tailed 
Student’s t-test and GraphPad Prism 4 software (*P<0.05; **P<0.01; and 
EP < 0).001). 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Mice. C57BL/6 mice (H-2b) were purchased from Charles River. Melanoma- 
prone HGF-CDK4(R24C) mice*! and TCR-transgenic Pmel-1 mice” expressing 
an «B TCR specific for amino acids 25-33 of human and mouse gp100 presented 
by H2-D? were bred as described previously". All animal experiments were 
approved by the local government authorities (LANUV, NRW, Germany) and 
were performed according to the institutional and national guidelines for the care 
and use of laboratory animals. 

Induction and analysis of primary melanomas. Melanomagenesis was acce- 
lerated and synchronized by a single epicutaneous application of 100 nmol 
7,12-dimethylbenz(a)anthracene (DMBA) on the shaved back of 8-10-week-old 
HGF-CDK4(R24C) mice. Tumour development was monitored by inspection, 
palpation and digital photography. The size of the largest tumour was measured 
weekly using a vernier calliper and recorded as mean diameter. Mice were killed 
when progressively growing melanomas exceeded 10 mm or when signs of illness 
were observed. 

Tumour transplantation experiments. The HCmel3 cell line was generated from 
a primary HGF-CDK4(R24C) melanoma. In brief, tumours were collected, 
dissociated mechanically, incubated with 1mgml' of collagenase D (Roche) 
for 30 min at 37 °C, and filtered through 70-1m cell strainers (BD Biosciences). 
One-million cells were seeded into collagen-coated 6-well plates and cultured in 
complete RPMI 1640 medium supplemented with 10% FCS (Biochrome), 2 mM 
L-glutamine (Gibco), 10 mM non-essential amino acids (Gibco), 1 mM HEPES 
(Gibco), 20 tM 2-mercaptoethanol, 100 IU ml ' penicillin and 100 pig ml“ strep- 
tomycin (Invitrogen). HCmel3-R cell lines were established similarly from 
relapsed HCmel3 melanomas. Groups of syngeneic C57BL/6 mice were injected 
intracutaneously with 4 x 10° HCmel3 or HCmel3-R melanoma cells into the 
flanks. The tumour size was measured weekly and recorded as mean diameter 
in millimetres. Mice with tumours >10mm were killed. Experiments were 
performed in groups of five or more mice and repeated at least twice. 

Adoptive T-cell transfer protocol. ACT was carried out according to the ‘CLVI 
protocol described previously’. In brief, mice were preconditioned by intraperi- 
toneal injection of 2 mg cyclophosphamide 1 day before intravenous delivery of 
2 X 10° naive gp100-specific CTLs isolated from spleens of TCR-transgenic Pmel- 
1 mice that were activated in vivo by one intraperitoneal injection of 5 x 10° 
plaque-forming units of the recombinant adenoviral vector Ad-gp100 (ref. 14). 
Fifty micrograms of CpG 1826 (MWG Biotech) and 50 1g of poly(I:C) (Invivogen) 
in 100 ul PBS were injected peritumourally after 3, 7 and 10 days. Ad-gp100 was 
propagated on HEK 293 cells, purified by caesium chloride density-gradient centri- 
fugation and subsequent dialysis according to standard protocols. 

Histology and immunohistology. Mouse melanomas were immersed in a zinc- 
based fixative (BD Pharmingen) and human melanomas in buffered para- 
formaldehyde (DAKO). Informed consent to use melanoma biopsy material for 
scientific purposes was obtained from all patients. Tumours were embedded in 
paraffin and sections stained with haematoxylin and eosin (H&E) according to 
standard protocols. Immunohistochemistry was performed with rabbit anti-mouse 
gp100 polyclonal antibody (Novus Biologicals), mouse anti-human gp100 mono- 
clonal antibody (DAKO), rat anti-mouse CD45 monoclonal antibody (BD 
Biosciences), mouse anti-human CD45/LCA monoclonal antibody (DAKO), goat 
anti-mouse NGFR polyclonal antibody (R&D Systems), rabbit anti-human NGFR 
monoclonal antibody (Biocare Medical), and rabbit anti-cow $100 polyclonal 
antibody (DAKO), followed by enzyme-conjugated secondary antibodies and 
the LSAB-2 colour development system (DAKO). Alternatively, appropriate fluor- 
ochrome-conjugated secondary antibodies (Jackson Immunoresearch) were used 
for immunofluorescence staining. Heavily pigmented tumours were bleached 
before staining (20 min at 37°C in 30% H,O, and 0.5% potassium hydroxide, 
20s in 1% acetic acid and 5 min in Tris buffer). Stained sections were examined 
with a Leica DMLB immunofluorescence microscope, images were acquired with a 
JVC digital camera KY-75FU and processed with Adobe Photoshop. The percent- 
age of gp100* melanoma cells was evaluated in five high-power fields per tumour. 
Real-time PCR. Tumours were collected and immediately snap frozen in liquid 
nitrogen. Total RNA was isolated using TRI Reagent (Sigma-Aldrich) and purified 
using RNeasy columns (Qiagen). Reverse transcription was performed with the 
Superscript II system and oligo-dT18 primers (Invitrogen). Real-time PCR ana- 
lysis was performed with diluted cDNA and Fast SYBR Green Master Mix 
(Applied Biosystems) using a 7500 Real-time PCR system (Applied Biosystems) 
and applying the following thermal cycling conditions: 95 °C for 10 min, 35 cycles 
of 95 °C for 30s and 60 °C for 60 s. The primer sequences were: Il1b: forward, 5'- 
GGGCCTCAAAGGAAAGAATC-3’, reverse, 5’-TTCTTTGGGTATTGCTTG 
GG-3'; Tnfa: forward, 5'-GATTATGGCTCAGGGTCCAA-3'’; reverse, 5’-ACAG 
TCCAGGTCACTGTCCC-3’; 16: forward, 5’-GAGGATACCACTCCCAAC 
AGACC-3’, reverse, 5’-AAGTGCATCATCGTTGTTCATACA-3’; Ifng: forward, 
5'-CTCTTCTTGGATATCTGGAGG-3’, reverse, 5’-CCTGATTGTCTTTCAA 
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GACTTC-3'; Ube: forward, 5'-AGGCAAGACCATCACCTTGGACG-3’, 
reverse, 5’-CCATCACACCCAAGAACAAGCACA-3’. Relative expression to 
the housekeeping gene Ubc was calculated with the A—C, method using the fol- 
lowing equations: AC,(sample) = C,(target) — C,(reference); relative quantity = 
2a AG, 

Cell culture and treatments. All mouse and human cells were cultured in complete 
RPMI medium as described earlier. The human melanoma cell lines MZ7-MEL and 
SK-MEL-29 have been described previously'*’’. The human melanoma cell lines 
D05, D14, D17 and D41 were provided by C. Schmidt*’. Primary mouse T cells 
were isolated from spleens of TCR-transgenic Pmel-1 mice, cultured in complete 
RPMI medium with 30 U ml! recombinant human IL-2 (Aldesleukin) and acti- 
vated with 1 pg ml! of the H2-D?-binding peptide KVPRNQDWL (gp100 amino 
acids 25-33) for 24h. Primary mouse bone marrow-derived macrophages were 
cultured for 6 days in complete RPMI medium supplemented with 30% L929- 
conditioned supernatant, primed with 1,000 U ml”! IFN-y (Peprotech) for 12h 
and then fully activated with 1 pg ml‘ lipopolysaccharide (Invivogen) for 24h. 
Melanoma cells were treated with supernatants from activated immune cells or 
with recombinant cytokines (1,000 U ml! mouse or human TNE-a, IL-1, IL-6 or 
IFN-y; all from Peprotech) for the indicated time periods. TNFR2-IgG (50 pg 
ml}; Enbrel, Pfizer) or anti-mouse IFN-y monoclonal antibody (10 pg ml}; 
clone XMG1.2) were used to neutralise the activity of mouse TNF-« or IFN-y, 
respectively. The DNA polymerase-« inhibitor aphidicolin (Sigma-Aldrich) was 
used at 1 1g ml! to inhibit melanoma cell proliferation (Sigma). 

Flow cytometry and cell sorting. Tumour-infiltrating immune cells and mela- 
noma cells were stained with the following antibodies according to standard 
procedures: fluorochrome-conjugated monoclonal antibody specific for mouse 
CD45, CD8a, CD90 (also known as Thy1.1), Gr-1, CD11b, PD-L1, H-2k? (BD 
PharMingen) and NGFR (R&D Systems), as well as for human NGFR, PD-L1 and 
HLA-ABC (BD PharMingen). Apoptosis induction and cell cycle arrest were 
analysed using standard protocols with annexin V (BD PharMingen) and propi- 
dium iodide (Sigma). Data were acquired with a FACSCanto flow cytometer (BD 
Biosciences) and analysed with FlowJo software (TreeStar, V7.6.5 for Windows). 
Sorting of NGFR'°” and NGFR* melanoma cells was performed with a FACS 
DiVa cell sorter (BD Biosciences). 

Immunocytology. Cultured cells were seeded on coverslips and fixed with 4% 
paraformaldehyde. Immunofluorescence staining was performed using standard 
protocols with mouse anti-human gp100 monoclonal antibody (HMB45, Dako), 
rabbit anti-mouse gp100 polyclonal antibody (Novus Biologicals), biotinylated 
goat anti-mouse NGFR polyclonal antibody (R&D Systems), rabbit anti-human 
NGFR monoclonal antibody (Biocare Medical), followed by appropriate fluoro- 
chrome-conjugated secondary antibodies (Jackson Immunoresearch). Nuclei 
were counterstained with DAPI (Sigma-Aldrich). Stained coverslips were exam- 
ined as described earlier. 

Immunoblots. Protein lysates were prepared from cultured cells using the M-PER 
mammalian protein reagent (Fermentas) with protease inhibitors (Roche). All 
lysates were separated by SDS-gel electrophoresis and transferred to Immobilon-P 
transfer membranes (Millipore) according to standard protocols. Blots were immu- 
nostained with goat anti-mouse gp100 polyclonal antibody (Novus Biologicals), goat 
anti-human gp100 polyclonal antibody (Abcam), rabbit anti-mouse/human TRP2 
polyclonal antibody (PEP-8, provided by V. Hearing), mouse anti-human mono- 
clonal antibody Melan-A (A103, Dako), goat anti-mouse NGFR polyclonal antibody 
(R&D) and mouse anti-human NGFR monoclonal antibody (Immunokontact). 
Bound antibodies were detected with horseradish peroxidase (HRP)-linked sec- 
ondary antibodies (Amersham Biosciences) and the Super Signal West Dura 
Extended Duration Substrate (Thermo Scientific) according to the manufacturer’s 
instructions. Chemiluminescence was visualized using ImageQuant LAS 4000 (GE 
Healthcare). 

Culture of human autologous CTL clones. The autologous CTL clones CTL 12/ 
82 (specific for gp100/B07) and CTL 15/165 (specific for SNRPD1mut/B38) recog- 
nizing MZ7-MEL as well as CTL 11/33 (specific for Melan-A/A02) and CTL 14/35 
(specific for CDK4mut/A02) recognizing SK-MEL-29 were generated from mixed 
lymphocyte tumour cultures and maintained in culture as previously 
described’*"””. 

IFN-y ELISpot assays. The recognition of mouse or human melanoma cells by 
CD8* CTLs was assayed using the ELISpot technique with capture and detection 
antibodies for mouse IFN-y (BD PharMingen) or human IFN-y (Mabtech) as 
described previously****. In brief, 3 X 10* mouse or human melanoma cells were 
cocultured with suitable numbers of Pmel-1 TCR-transgenic CTLs or human CTL 
clones in 96-well PVDF (polyvinylidene difluoride) plates (Millipore). The sarcoma 
line HCsrc2 and cells pulsed with the gp100,.25-33 peptide served as assay controls. 
IFN-y spots were detected after 24h with appropriate biotinylated antibodies 
followed by development with streptavidin-HRP (Roche) and AEC substrate 
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(BD Biosciences). Spots were automatically counted and expressed as mean of 
triplicate determinations. 

Statistical analyses. The statistical significance of experimental results was eval- 
uated with the GraphPad Prism 4 software using the unpaired two-sample 
Student’s t-test or the Wilcoxon-Mann-Whitney two-sample test. P values less 
than 0.05 were considered significant. 

Microarray analysis of gene expression. Five biological replicates of control, 
relapsed and re-transplanted HCmel3 melanomas in vivo and two biological 
replicates of HCmel3 cells, HCmel3-R cells and TNF-«-treated HCmel-3 cells 
in vitro were used for CDNA microarray analyses. RNA was isolated as described 
earlier, quantified fluorimetrically and assayed for integrity using the Agilent 
Bioanalyser (Agilent Technologies). One-hundred nanograms of RNA was con- 
verted to biotinylated cRNA using one round of amplification with the Illumina 
Labelling Kit (Illumina) and one round of T7 polymerase amplification and 
hybridized to Illumina Murine Beadchips v. 2.0. After hybridization and staining, 
the arrays were scanned in an Illumina Bead Station, and the images were pro- 
cessed using Illumina Bead Studio software. 

Bioinformatic analyses. The raw microarray data were extracted from the 
Illumina BeadStudio software and imported into the R statistical programming 
environment (R Development Core Team) and Bioconductor using the beadarray 
package*®°*. Variance stabilization and normalization were performed using vsn 
followed by quality assessment”. Differential expression between HCmel3 control 
tumours (nm = 5) and HCmel3 ACT relapse tumours (n = 5) was calculated using a 
linear model and empirical Bayes-moderated t-statistics adjusted for multiple testing 
using the procedure by Benjamini and Hochberg (BH) from the multtest*® package 
to determine the false discovery rates (FDR, BH-adjusted P value). As previously 
recommended, the empirical Bayes-moderated t-statistics was calculated using the 
entire data set without a previous non-specific filtering step, thereby applying more 
stringent criteria for the identification of differential gene expression’. Genes 
(probes) were considered as differentially expressed in the case of a FDR (BH- 
corrected Pvalue)<0.01 and an absolute log, difference (log, fold change) 
between the experimental groups of >2. Differentially expressed genes in the 
context of the HCmel3 in vitro studies (HCmel3-R versus HCmel3 control and 
HCmel3 plus TNF-« versus control) were identified by the log, difference between 
the experimental conditions using the mean expression values of two biological 
replicates. Cut-offs for log, differences are indicated in the figure legends. To 
identify overrepresented GO terms (biological process subcategory, BP) in the lists 
of differentially expressed genes, non-conditional hypergeometric tests were per- 
formed followed by a correction for multiple testing using the procedure by 
Benjamini and Hochberg. As recommended, several non-specific filtering steps 
were performed to reduce the gene universe for hypergeometric testing to those 
genes that are expressed, as this approach increases the stringency to identify 
overrepresented GO terms**. We removed ‘bad’ and ‘no match’ probes based on 
the chip manufacturer provided quality information in addition to genes that have 
no Entrez ID or associated GO BP term. We also removed probes with a detection 


P<0.00001 and low variance probes by using the median of the interquartile 
ranges (IQR) asa cut-off. GO terms with BH-adjusted P value (FDR) < 0.001 were 
further processed using the REViGO online tool (http://revigo.irb.hr/) to remove 
redundant terms and determine their semantic similarity’. After summarizing the 
input GO list, the remaining top-scoring GO terms were represented in the tables. 
Gene expression data were standardized (mean centred) before the generation 
of heat maps using gene sets of differentially expressed genes or the curated 
pigmentation-related gene set. Samples (columns) were naturally ordered as 
given by the experimental groups or conditions. Clustering of genes (rows) was 
performed using euclidean distance and complete linkage methods. Expression 
heat maps of the pigmentation-related genes visualize co-regulation of melanocy- 
tic marker genes and were not clustered. Pigmentation-related core genes (for 
example, melanosome components) were identified by GO terms and the database 
from the European Society for Pigment Cell Research (http://www.espcr.org/). The 
pigmentation gene set contains non-redundant gene probes present in the relapse- 
down gene set. 
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Increased HIV-1 vaccine efficacy against viruses with 
genetic signatures in Env V2 
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The RV144 trial demonstrated 31% vaccine efficacy at preventing 
human immunodeficiency virus (HIV)-1 infection’. Antibodies 
against the HIV-1 envelope variable loops 1 and 2 (Env V1 and 
V2) correlated inversely with infection risk’. We proposed that 
vaccine-induced immune responses against V1/V2 would have a 
selective effect against, or sieve, HIV-1 breakthrough viruses. A 
total of 936 HIV-1 genome sequences from 44 vaccine and 66 
placebo recipients were examined. We show that vaccine-induced 
immune responses were associated with two signatures in V2 at 
amino acid positions 169 and 181. Vaccine efficacy against viruses 
matching the vaccine at position 169 was 48% (confidence interval 
18% to 66%; P = 0.0036), whereas vaccine efficacy against viruses 
mismatching the vaccine at position 181 was 78% (confidence 
interval 35% to 93%; P= 0.0028). Residue 169 is in a cationic 
glycosylated region recognized by broadly neutralizing and 
RV144-derived antibodies. The predicted distance between the 
two signature sites (21 + 7 A) and their match/mismatch dichotomy 
indicate that multiple factors may be involved in the protection 
observed in RV144. Genetic signatures of RV144 vaccination in 
V2 complement the finding of an association between high V1/ 
V2-binding antibodies and reduced risk of HIV-1 acquisition, 
and provide evidence that vaccine-induced V2 responses plausibly 
had a role in the partial protection conferred by the RV144 regimen. 

Vaccination with the RV144 regimen (ALVAC-HIV and 
AIDSVAX B/E gp120) afforded an estimated 31% protection against 
HIV-1 acquisition’. Two immune correlates of infection risk were 
identified: plasma IgA antibodies to Env were associated with 
increased risk, and IgG binding to Env V1/V2 with decreased risk’. 
These analyses compared HIV-1-infected and uninfected vaccine 
recipients and established correlates of risk**, which are not necessarily 
predictive of protection as immune responses are not randomized 
among vaccinees. In contrast, sieve analyses’ compare breakthrough 
viruses in vaccine and placebo recipients, leveraging the randomization 
to causally attribute observed differences between HIV-1 sequences to 
the vaccine. Sieve analyses look for evidence that vaccine-induced 
immune responses selectively block certain viruses and/or drive escape 
mutations post-infection, and interrogate treatment differences in 
HIV-1 sequences derived at the time of HIV-1 diagnosis as evidence 
for this effect. 

We proposed that RV 144 vaccine-induced antibodies to Env V1/V2 
could selectively prevent HIV-1 infections by certain variants, and that 
this effect would be evident in the V1/V2 region of breakthrough 


viruses. To test this hypothesis, we examined the relationship between 
vaccine status and V1/V2 sequence characteristics using 936 HIV-1 
sequences from 110 breakthrough infections: 44 vaccine and 66 placebo 
recipients (focusing on subjects infected with HIV-1 CRF01_AE, thatis, 
110 of the 121 characterized infections that occurred after the first 
immunization). One epidemiologically known transmission pair was 
confirmed by phylogenetic reconstructions; thus, sensitivity analyses 
were performed after removing sequences from the individual who was 
the second to become HIV-1 infected to preserve independence of 
infection events. 

Our analysis focused on HIV-1 sequences corresponding to the 
glycoprotein 70 gp70-V1/V2 clade B reagent used to identify the cor- 
relate of risk (amino acids 120 to 204 of the reference sequence HXB2). 
Supplementary Methods 1 summarize the pre-filtering of sites that was 
performed as pre-specified to increase statistical power. First, sites that 
were invariant or where there was little confidence in the alignment 
were excluded. Then, sites were selected following two approaches. 
The first approach, termed ‘contact residues’, required that sites were 
both (1) known contact residues for monoclonal antibodies or had 
been implicated as such in neutralization sensitivity assays* "', and (2) 
‘hotspots’ of vaccine-induced binding antibody reactivity from a linear 
peptide binding microarray analysis of uninfected RV144 vaccine 
recipients. The ‘contact residues’ approach yielded eight sites for 
analysis: HXB2 positions 120, 124, 165, 166, 168, 169, 171 and 181. The 
second approach, called EPIMAP (epitope prediction by interrogating 
conformational ensembles of glycosylated antigens with a multi-oriented 
antibody probe), was based on structural predictions of antibody epitopes: 
thousands of potential antibody epitopes (centred on gp120 surface 
residues for the three Env in the vaccine) were predicted and used to 
rank V1/V2 sites by their likelihood of being antibody targets. The 
EPIMAP approach yielded 12 high-ranking sites: HXB2 positions 
160, 166, 168-173, 178, 179, 181 and 197. 

To test if vaccination (through vaccine-induced antibodies to Env 
V1/V2) protected against acquisition of certain HIV-1 variants, we 
adapted the primary analysis method used previously’ to assess vaccine 
efficacy against HIV-1 genotypes differing at the 15 selected sites 
identified by either the ‘contact residues’ or EPIMAP approaches 
(Supplementary Table 1 and Supplementary Fig. 2; note that vaccine 
efficacy is estimated based on all RV144 participants, that is, 8,197 
vaccine and 8,198 placebo recipients). We found that vaccine efficacy 
significantly differed for HIV-1 genotypes defined by whether they 
presented a residue matching the vaccine insert (or not) at position 
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169 (P=0.034) and 181 (P=0.024) (Table 1). The estimated 
cumulative HIV-1 incidence curves in the vaccine and placebo groups 
illustrate vaccine efficacy for two genotypes (K169 and I181X) and no 
efficacy for the opposite residues (Supplementary Fig. 2) (diagnostic 
tests did not show significant evidence of violation of the proportional 
hazards assumption), and the cumulative HIV-1 incidence curves 
showed a trend towards waning vaccine effect on genotype over time, 
analogous to the temporal effect on efficacy seen in RV144"’. The 
estimated vaccine efficacy against viruses matching the vaccine at 
position 169 (K169) was 48% (P = 0.0036; 95% confidence interval 
(CI): 18%, 66%), whereas vaccine efficacy versus position-169- 
mismatched viruses was not significant. Vaccine efficacy against 
viruses differing from the vaccine insert at 181 (181X) was 78% 
(P = 0.0028; 95% CI: 35%, 93%), whereas vaccine efficacy versus 
vaccine-matched viruses at that site was not significant. Furthermore, 
vaccine efficacy against viruses that were both 169-matched and 
181-mismatched was 80% (P = 0.0046; CI: 31%, 94%). These results 
indicate that vaccine-induced immune responses to the Env V2 may 
have blocked infections with viruses matching the vaccine at K169 and 
differing from the vaccine at 1181. We applied the statistical method 
from ref. 2 to test whether gp70-V1/V2 antibodies and V2 ‘hotspot’ 
antibodies were correlates of risk of infection for specific HIV-1 
genotypes. The estimated association of these antibodies with geno- 
type-specific infection risk was similar across the genotypes, such that 
the sieve effects are not explained by these antibody correlates. 
However, there is low power to detect differences by genotype because 
only 34 infected vaccinees could be included in the analysis (see 
Supplementary Table 2). 

To further evaluate site-specific differences between viruses from 
vaccine and placebo recipients, we applied three additional site- 
scanning methods to both the ‘contact residues’ and “EPIMAP’ sets 
of sites: the nonparametric weighted distance comparison test 
(GWJ)"’, the mismatch bootstrap method (MMBootstrap)’, and a 
model-based method that is more sensitive to differences in non-insert 
amino acid frequencies'*. Based on both the ‘contact residues’ and 
‘EPIMAP’-derived sets of sites, the most general method GWJ 


Table 1 | Estimated vaccine efficacies to prevent infection with specific 
HIV-1 genotypes, and estimated ratios of hazard ratios 


Genotype Number of infections Vaccine efficacy (95% Cl) P value 
Overall 44 66 34% (7.8%, 54.7%) 0.034 
K169 30 57 48% (18%, 66%) 0.0036 
K169X 4 i] —55% (—258%, 33%) 0.3 
1181 40 48 17% (—26%, 45%) 0.38 
1181X 4 18 78% (35%, 93%) 0.0028 
K169-1181 27 42 36% (-4%, 61%) 0.071 
K169-1181X 3 15 80% (31%, 94%) 0.0046 
K169X-1181 3 6 —116% (—467%, 19%) 0.11 
K169X-1181X 3 67% (—219%, 97%) 0.32 
Estimated HR/HR* (95% Cl) P value 
K169X/K169 2.73 (1.08, 6.92) 0.034 
1181/1181X 3.77 (1.19, 11.92) 0.024 
Else/K169-1181 1.04 (0.49, 2.22) 0.92 
Else/K169-1181X 1.85 (0.79, 4.32) 0.16 
K169X-1181/Else 2.76 (1.23, 6.20) 0.014 


Else/K169X-1181X 1.06 (0.40, 2.86) 0.9 


Shown are estimated vaccine efficacies (vaccine efficacies = 1 — hazard ratios (HRs)) to prevent 
infection with specific HIV-1 genotypes, and estimated ratios of HRs measuring the relative protection 
against given pairs of HIV-1 genotypes. 

* Each HR is the hazard ratio (vaccine versus placebo) of HIV-1 infections with a particular genotype. For 
example, for the K169X/K169 entry, the numerator HR measures the vaccine effect to prevent HIV-1 
infections with K169xX-variants and the denominator HR measures the vaccine effect to prevent HIV-1 
infections with K169-variants, and the result 2.73 means that the vaccine lowers the rate of infection 
2.73-times more against K169-matched HIV-1 viruses than against K169-mismatched HIV-1 
infections, that is, the level of protection is 2.73 greater against K169-matched than against K169- 
mismatched HIV-1 viruses (that is against all viruses with a residue differing from K at site 169). 

Else: all genotypes other than the joint genotype under consideration. 
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identified positions 169 and 181 as significantly distinguishing HIV- 
1 sequences from vaccine and placebo recipients (Figs 1 and 2). These 
two sites showed significant or borderline significant results with the 
additional site-scanning methods (MMBootstrap and model-based) 
(Supplementary Table 3). These results were corroborated after 
excluding a subject from the transmission pair: results were consistent 
although with weaker statistical support. As pre-specified, corrections 
for multiple testing were performed separately for each analysis 
method and for each of the three vaccine insert sequences; no correc- 
tion for multiple tests was applied across the tests because these are 
considered sensitivity analyses meant to evaluate congruence. 

The fact that our sequence data were obtained through an effectively 
implemented randomized trial'* reduces the need for phylogenetic 
corrections as performed in observational studies (Supplementary 
Note 1). Nonetheless, to potentially assess mechanisms behind sieve 
effects, we tested the impact of shared ancestry among viruses in our 
data set with phylogenetic dependency networks'® and independent 
contrasts’’. Both approaches found that the sieve effect at site 181 was 
independent of the tree topology, whereas that of site 169 was not 
(Supplementary Tables 4 and 5); these results must be interpreted 
with caution because the sequence data were used both to infer the 
phylogenetic tree and to evaluate sieve effects’”. 

In agreement with the vaccine efficacy results, the consensus amino 
acid K169 was more frequently different from the CRF0O1_AE vaccine 
sequence among viruses from vaccinees, whereas site 181, the third 
position of the putative tri-peptide 0487 integrin binding motif, was 
more likely to be similar to the vaccine sequence in vaccinees. When 
we tested whether sites in the two groups were evolving under different 
selective pressures along internal tree branches, likelihood ratio test 
results’* provided evidence that site 169 was under differential pressure 
across treatment arms (P = 0.043 based on data set with 110 subjects; 
P= 0.064 based on 109 subjects) (Supplementary Table 6). 

HIV-1 variants with K169X might have had longer V2 loops 
(mean = 43.2 (interquartile range (IQR): 40-46) versus 41.9 (IQR: 
39-44), P=0.11) and more potential N-linked glycosylation sites 
(PNGS) (mean = 2.44 (IQR: 2-3) versus 2.12 (IQR: 2-3), P = 0.08) 
than K169 viruses (Supplementary Table 7). Although the latter P 
values were not significant, longer loops and increased PNGS have 
been associated with reduced sensitivity to neutralization’’. The trend 
towards longer V2 and more PNGS in individuals with K169X was 
apparently not explained by a longer duration of HIV-1 infection (no 
difference in the time since the last HIV-1-negative visit used as a 
proxy for the duration of HIV-1 infection (K169X versus K169: med- 
ian = 181 versus 179, mean = 250 versus 207, P = 0.41)) (Supplemen- 
tary Table 7). Furthermore, studies with quaternary-structure- 
preferring (QSP) antibodies (for example, PG9, PG16, CH01-04 and 
PGT141-145) showed that mutations at positions 169 and 181 were 
associated with significant alterations in neutralization*”. Some 
strains became sensitive to QSP antibodies by mutating residue 169 
to K*'. These results indicate that K169X mutations could be a 
mechanism for avoidance of QSP antibodies and potentially other 
V2-specific antibodies. Indeed, the epitope of CH58, an anti-V2 
monoclonal antibody isolated from an RV144 vaccine recipient, 
spanned amino acids 167-180 and position 169 was critical for binding 
(Liao, H.-X. et al., personal communication). 

To explore whether the sieve effects at sites 169 and 181 were linked, 
we looked at structural data and covariability. We found no conclusive 
evidence suggesting that the two sites were contained within the same 
epitope. The Ca-Ca distance between residues 169 and 181 was 
21 +7A (mean + s.d.) on the basis of the 3,000 low-energy all-atom 
models computed for the three vaccine inserts (Supplementary Table 
8), whereas sites 169 and 181 were more than 30 A apart in the crystal 
structure of J08-scaffolded HIV-1 gp120 V1/V2 bound to the broadly 
neutralizing monoclonal antibody PG9 (ref. 22; Supplementary Fig. 3). 
The two sites could lie in a single antibody epitope because the average 
diameter of antibody-bound epitopes was predicted to be 30.5 A (on 


©2012 Macmillan Publishers Limited. All rights reserved 


LETTER 


Figure 1 | Phylogenetic tree of env-V1/V2 nucleotide sequences. Highlights are used for sequences presenting mutations at either site 169 (in pink) or 181 (in 
yellow) or at both sites (in grey). Sequences from vaccine recipients are figured in red, those from placebo recipients are in blue. 


the basis of 32 pairs of bound antigen structures”). Furthermore, we 
found no evidence that the sieve effect at site 181 was linked to site 169 
by analysing covariation on pre-selected V1/V2 sites*’°. We noted 
covariability in the mid-V2 loop, which corresponds to the binding 
site of the V1/V2-specific mAb from RV144 (ref. 2 and personal 
communication, Liao H.-X. et al., Supplementary Table 9). 

The unexpected sieve effect at site 181 showing greater vaccine 
efficacy against mismatched HIV-1 indicates a vaccine-induced con- 
straint that either hindered the establishment of infection with I181X 
variants or promoted infections with I181 variants. Although it is 
plausible that vaccine-induced antibodies enhanced HIV-1 infections 
with 1181 variants, there was no statistical support for such enhance- 
ment because there was no evidence of negative vaccine efficacy against 
1181 viruses: estimated vaccine efficacy = 17%, 95% CI = —26% to 


Site 169 

P=0.018 Sie 
a” Q= 0.077 = 
3) 
‘2 60 
ma 
ea 
© 40 
oO 
fo} 
E 20 
Zz 

0 1 T 
Vaccine Placebo 


Figure 2 | Bar graphs representing the mutations at positions 169 and 181 
based on sequences from 44 vaccine and 66 placebo recipients. The P and Q 
values correspond to the site-scanning sieve analysis method GW)J. The values 
correspond to comparisons against the 92TH023 vaccine insert based on the 


45%, P =0.38 (Table 1). Other hypotheses include: (1) the stricter 
conservation at site 181 may be a marker of a non-identified sequence 
characteristic (possibly linked to the variable loop that starts a few 
amino acids downstream of 181), (2) specific variants may be unable 
to establish infection due to steric/quaternary structure constraints 
with vaccine-induced antibodies, and (3) 1181X viruses may be pref- 
erentially targeted by vaccine-induced antibodies. 

Sieve analysis is an important component of assessing immune 
correlates of protection because it compares vaccine to placebo 
recipients and could identify selective pressures below the level of 
detection of standard immune assays’. Our V1/V2-focused analysis 
leveraged randomized treatment assignments to establish a causal con- 
nection between vaccination and a selective filtering of V1/V2 variants. 
The identification of signatures in V2 provides a corroborative 
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selected sites identified through the ‘contact residues’ approach. Pre-specified P 
value and Q value significance thresholds of 0.05 and 0.2, respectively. Full 
results in Supplementary Table 3. 
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virological determinant to the V1/V2 antibodies correlate of risk* and 
highlights the mid-V2 loop as an important target for antibody- 
mediated prevention of HIV-1 infection, but also suggests that vaccine 
efficacy is ablated by viral sequences with signature sequence variants, 
raising the possibility of population-level adaptation to the vaccine. 
Given the 31% efficacy against infection afforded by the vaccine and 
the suspected mechanism of action of V1/V2 antibody, our analysis 
suggests that specific HIV-1 variants were blocked from establishing 
HIV-1 infection (an acquisition sieve effect); however, viral sequences 
may also have mutated in response to vaccine-induced immune 
pressure, corresponding to a post-infection sieve effect. Further studies 
with infectious molecular clones carrying V1/V2 signature mutations 
are needed to clarify their role in viral infectivity, fitness and escape. 
Together, these results vouch for sieve analysis as an integral part of the 
search for immune correlates of protection in vaccine studies and show 
that sieve analysis can be a powerful tool to assess the efficacy of new 
vaccine candidates. 


METHODS SUMMARY 


Viral genomes were amplified by endpoint-dilution PCR of viral RNA from 
plasma specimens collected at the time of HIV-1 diagnosis, and were directly 
sequenced’. Sites in Env V/1V2 were selected for statistical testing using two 
approaches: one based on a peptide binding microarray assay, known antibody 
contact sites and literature, the other based on a computational prediction 
algorithm of antibody binding sites. Each site was tested with four site-scanning 
sieve analysis methods to identify those that discriminated the vaccine and placebo 
group. Genotype-specific vaccine efficacy was assessed with the Cox proportional 
hazards model and score test as described previously”*, and differential vaccine 
efficacy by genotype was assessed with the model described in refs 26,27. Three 
additional methods were designed to compare the subjects’ sequences to the 
vaccine insert sequences (a subtype B (MN) and two CRFO1_AE strains, 
92TH023 and CM244): a nonparametric weighted distance comparison test 
(GWJ)"”, a mismatch bootstrap method (MMBootstrap)’ and a model-based 
Bayesian-frequentist hybrid method that is more sensitive to differences in non- 
insert amino acid frequencies’’. The GWJ method computes a two-sample pooled- 
variance t-statistic and compares this statistic to a permutation-derived null 
distribution. The MMBootstrap method computes the difference in the fraction 
of mismatches to the insert amino acids using all available sequences, and com- 
pares this to a bootstrap-derived null distribution. The model-based method 
compares the posterior probability of a sieve effect to a null distribution for a 
Bayesian multinomial model. A Q-value multiplicity adjustment procedure was 
pre-specified to limit the false discovery rate to 20% (ref. 28). Covariation was 
detected using the Kullback-Leibler divergence and differential tests”, and a 
Bayesian graphical method**. A schematic description of the study is found in 
Supplementary Fig. 1. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Study design. The protocol was approved by the Institutional Review Boards of 
the Ministry of Public Health, the Royal Thai Army, Mahidol University, and the 
US Army Medical Research and Materiel Command. Written informed consent 
was obtained from all participants. The vaccine regimen consisted of four injec- 
tions (at 0, 1, 3 and 6 months) of ALVAC-HIV[vCP1521], which expresses gp120 
of CRFO1_AE (92TH023), and two injections (at 3 and 6 months) with AIDSVAX 
B/E which is composed of two gp120 proteins truncated at the amino terminus 
(start at amino acid 42): MN (subtype B) and CM244 (CRF01_AE). 

HIV-1 sequencing. Viral genomes were amplified by endpoint-dilution PCR of 
viral RNA from plasma specimens collected at the time of HIV-1 diagnosis, and 
were directly sequenced based on methods adapted from ref. 7. Briefly, a first 
round near-full-length genome polymerase chain reaction (PCR) was done with 
the Advantage LA Polymerase (50-1 reaction), followed by a real-time PCR 
(TaqMan Gene Expression Master Mix) on 5 ul of the first round product for 
the detection of HIV-1 gag (186 bp) and env (232 bp). For first-round products 
identified as endpoint-positive by real-time PCR, 2 pl were subjected to a second- 
round amplification using KAPA LR HS DNA polymerase. A re-amplification 
using 1 ul of the first-round product (dilution factor: 1 to 100) with second-round 
PCR primers is performed to obtain sufficient material for sequencing. PCR and 
sequencing primers are listed in Supplementary Tables 10 and 11. 

EPIMAP. Potential patches, defined by lists of residues and atoms within each 
putative antibody epitope, were predicted for each vaccine insert using an 
unbiased, exhaustive, structure-based computational approach taking into 
account vaccine-specific orientational constraints. Full-length glycosylated 
vaccine inserts were threaded onto known structures of gp120 and regions not 
crystallized were built de novo. Each model was interrogated by a full-atom 
antibody probe placed at multiple rotations and orientation vectors were centred 
on each amino acid. The proportion of patches containing a given V1/V2 site were 
calculated for each insert (Supplementary Fig. 4) and the top-ranking V1/V2 sites 
were selected based on the average of the percentages for the prime (92TH023) and 
the max of the two boost proteins (MN,CM244), yielding 22 sites (Supplementary 
Fig. 5) of which 12 passed the conservation and alignability criteria (described in 
Supplementary Table 1). 

Filtering of V1/V2 sites. Procedure described in Supplementary Methods 1. 
Vaccine efficacy. Genotype-specific vaccine efficacy was assessed with the Cox 
proportional hazards model and score test as described previously’®, and differ- 
ential vaccine efficacy by genotype was assessed with the same model as described 
previously’’”’. Vaccine efficacies were calculated based on one representative 
sequence per individual (the ‘mindist’: smallest Hamming distance to the subject’s 
consensus sequence) but using all the RV144 participants, including uninfected 
ones. To test if the proportional hazards assumption was violated for any of the 
HIV-1 genotypes, we used the Grambsch and Therneau proportional hazards test 
(based on Schoenfeld residuals)”*. 

Sieve analyses. Site-scanning sieve analysis methods evaluate each site to identify 
those that discriminate the vaccine and placebo group. In addition to the differ- 
ential vaccine efficacy analysis, the pre-selected sites were tested against the three 


LETTER 


vaccine insert sequences using three other methods: a nonparametric weighted 
distance comparison test (GWJ)'*, a mismatch bootstrap method (MMBootstrap) 
adapted from’, and a model-based Bayesian-frequentist hybrid method that is 
more sensitive to differences in non-insert amino acid frequencies’. The GWJ 
method computes a two-sample pooled-variance t-statistic and compares this 
statistic to a permutation-derived null distribution. Each subject contributes a 
weight that is computed as the from insert amino acid to subject amino acid entry 
in a (probability-form) substitution matrix using the subject’s ‘mindist’ sequence. 
The MMBootstrap method computes the difference in the fraction of mismatches 
to the insert amino acid using all available sequences, and compares this to a 
bootstrap-derived null distribution (resampling subject labels, not individual 
sequence labels). The model-based method compares the posterior probability 
of a sieve effect to a null distribution (estimated by permutation) for a Bayesian 
multinomial model. All of these methods were verified for control of type-I error 
rate. A Q value multiplicity adjustment procedure was pre-specified to limit the 
false discovery rate to 20%*°; it was conducted on a per analysis basis, that is, per 
insert and per method. Code provided in Supplementary Information 2. 
Positive selection. We tested whether the relative rates of synonymous and non- 
synonymous substitutions in the two groups were significantly different by apply- 
ing a likelihood ratio test as implemented in Hyphy’® (http://www.hyphy.org). 
Independent contrasts. We used independent contrasts” to test if the character 
state at each tip of the tree was correlated with the length of the branch leading to it, 
with the assumption of evolution via Brownian motion (that is, neutral evolution). 
Phylogenetically independent contrasts between the vaccine status and the tip data 
were calculated in Mesquite (http://mesquiteproject.org/pdap_mesquite/). After 
the poor fit of the tree to the tip data was verified, contrasts were generated by 
subtracting one degree of freedom for each polytomy in the tree (” = 1) using 
vaccine status as the dependent variable (‘positivized’ contrast). 

Phylogenetic dependency networks. We used phylogenetic dependency networks 
to identify associations between the vaccine status and every amino acid position 
and state, while taking into account the shared ancestry in the HIV-1 phylogeny’®. A 
maximum likelihood phylogenetic tree was constructed and a model of conditional 
adaptation was created for the vaccine status and for every position and state. The 
null hypothesis is that observations depend on the tree structure; then, adaptation 
due to each variable is modelled along the tree by an additive process. All results 
were adjusted for multiple comparisons, using a Q value threshold of = 0.2 (imply- 
ing a false-positive proportion of 20% among identified associations). 
Covariation. Associations between residues were detected using the Kullback- 
Leibler divergence covariation and differential covariation tests**, and a Bayesian 
graphical method, which explicitly models the evolutionary history of the 
sequences”, 
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A FOXO3-IRF7 gene regulatory circuit limits 
inflammatory sequelae of antiviral responses 


Vladimir Litvak’, Alexander V. Ratushny'”, Aaron E. Lampanol, Frank Schmitz', Albert C. Huang’, Ayush Raman’, 
Alistair G. Rust®, Andreas Bergthaler*, John D. Aitchison’? & Alan Aderem! 


Antiviral responses must be tightly regulated to defend rapidly 
against infection while minimizing inflammatory damage. Type 1 
interferons (IFN-I) are crucial mediators of antiviral responses' and 
their transcription is regulated by a variety of transcription factors’; 
principal among these is the family of interferon regulatory factors 
(IRFs)*. The IRF gene regulatory networks are complex and contain 
multiple feedback loops. The tools of systems biology are well 
suited to elucidate the complex interactions that give rise to precise 
coordination of the interferon response. Here we have used an 
unbiased systems approach to predict that a member of the 
forkhead family of transcription factors, FOXO3, is a negative regu- 
lator of a subset of antiviral genes. This prediction was validated 
using macrophages isolated from Foxo3-null mice. Genome-wide 
location analysis combined with gene deletion studies identified the 
Irf7 gene as a critical target of FOXO3. FOXO3 was identified as a 
negative regulator of Irf7 transcription and we have further demon- 
strated that FOXO3, IRF7 and IFN-I form a coherent feed-forward 
regulatory circuit. Our data suggest that the FOXO3-IREF7 regula- 
tory circuit represents a novel mechanism for establishing the 
requisite set points in the interferon pathway that balances the 
beneficial effects and deleterious sequelae of the antiviral response. 
Systems biology approaches were used to identify the gene regula- 
tory circuits that control the anti-viral response. We combined gene 
expression analysis with transcription factor binding site motif scan- 
ning algorithms to infer a network of associations between transcrip- 
tion factors and target genes that were activated in macrophages by 
polyinosinic-polycytidylic acid (PIC), a widely used surrogate for 
double-stranded RNA (dsRNA) viruses that stimulates the interferon 
response* (Supplementary Fig. 1 and Supplementary Table 1). 
Transcription factor binding site (TFBS) motifs for IRF, STAT and 
FOXO transcription factors were significantly over-represented within 
cluster 2, which includes antiviral genes such as Gbp2, Ccl5, [fit1, Irf7 
and Oas/1 (Supplementary Fig. 2 and Supplementary Tables 1 and 2). 
Although all FOXO transcription factors bind a common DNA ele- 
ment’, we decided to focus on FOXO3 because it was the sole member 
of the family that was significantly repressed after PIC stimulation of 
macrophages (Supplementary Table 3). Interestingly, the repression of 
Foxo3 transcription was mirrored by increased transcription of I7f5, 
Irf7, Irf8, Statl, Stat2, Stat3 and Stat5a genes (Supplementary Fig. 3). 
This result indicated that FOXO3 might act as a repressor of the IRF and 
STAT transcription factors, master regulators of the IFN-I pathways. 
To investigate the role of FOXO3 in the regulation of the IFN-I 
pathway we examined the global gene expression profile in macro- 
phages derived from Foxo3-null mice (Fig. 1). We detected significantly 
increased transcription of a subset of interferon-stimulated genes 
(ISGs) under basal conditions in Foxo3-null macrophages when com- 
pared to their wild-type counterparts, indicating that FOXO3 functions 
as a repressor of these genes (Fig. la, b and Supplementary Table 4). 
Stimulation of Foxo3-null macrophages with PIC further increased the 
levels of this subset of ISGs (Fig. 1c, d and Supplementary Table 5), and 


also revealed the transcription of additional ISGs (Fig. 1c, d and 
Supplementary Tables 4 and 5). The induction of these ISGs was vali- 
dated by quantitative PCR with reverse transcription (RT-PCR; 
Fig. le). Importantly, [fnb1 itself was super-induced in PIC-stimulated 
macrophages from Foxo3-null mice (Fig. 1c, e and Supplementary Fig. 
4b), indicating the possibility that the additional subset of ISGs were 
regulated by autocrine feedback. To distinguish whether the enhanced 
expression of ISGs in Foxo3-null macrophages was due to direct effects 
of the transcription factor or due to autocrine effects of the cytokine, we 
performed genome-wide chromatin immunoprecipitation/DNA 
sequencing (ChIP-Seq) analysis in unstimulated macrophages as well 
as in macrophages stimulated by PIC. Direct FOXO3 target genes 
included Cmpk2, Ddx58, Ifih1, Irf7, Mx2 and Rsad2, all of which have 
antiviral functions’*® (Fig. 2a, b, Supplementary Fig. 5 and Supplemen- 
tary Table 6). 

The Irf7 gene was of particular interest because of its critical role in 
the establishment of the antiviral response’, and we therefore examined 
the relationship between it and FOXO3 in more detail. Quantitative 
RT-PCR demonstrated that basal levels of Irf7 messenger RNA 
from Foxo3-null macrophages were 5.5-fold higher than those in 
wild-type cells, whereas PIC-induced Irf7 mRNA levels were similar 
in wild-type and Foxo3-null cells (Fig. le). These results were validated 
by western blot analysis (Supplementary Fig. 4a). Furthermore, 
deletion of FOXO3 TFBS in the Irf7 gene promoter resulted in an 
increased basal Irf7 promoter activity, and thus recapitulated the 
phenotype of Foxo3-null macrophages (Supplementary Fig. 6). These 
results indicate that FOXO3 functions as a negative regulator of basal 
Irf7 transcription. 

In order to identify the mechanism by which FOXO3 suppresses the 
transcription of Irf7, we quantified histone acetylation, ubiquitination 
and methylation at the Irf7 gene promoter in wild-type and Foxo3-null 
macrophages (Fig. 2c). Histone acetylation was significantly increased 
in Foxo3-null macrophages, suggesting an epigenetic mechanism for 
FOXO3-mediated repression of the Irf7 gene (Fig. 2c, d). It is worth 
noting that enhanced histone acetylation correlates with increased 
transcription of the Irf7 gene in activated macrophages (Sup- 
plementary Fig. 7). Histone acetylation is associated with an open 
chromatin structure that allows access of transcription factors to the 
DNA’; decreased acetylation results in the chromatin closing thereby 
impeding the binding of transcription factors to the promoter. A pro- 
tein-protein interaction map” predicted 8 histone deacetylases that 
might mediate this effect (data not shown), and direct biochemical 
approaches including co-immunoprecipitation and ChIP-ReChIP 
demonstrated the existence of a ternary complex consisting of 
FOXO3, nuclear co-repressor 2 (NCOR2) and histone deacetylase 3 
(HDAC3) on the Irf7 promoter (Fig. 2e and Supplementary Fig. 8). A 
functional role for this complex is supported by the observation that 
treatment of macrophages with HDAC inhibitors, valproic acid (VPA) 
and apicidin"’, results in increased levels of Irf7 mRNA (Supplemen- 
tary Fig. 9). Most importantly, the binding of NCOR2 and HDAC3 to 
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Figure 1 | FOXO3 isa negative regulator of the antiviral response. a, Scatter 
plot comparing global gene expression profiles between unstimulated wild-type 
(WT) and Foxo3-null bone marrow macrophages (BMMs). The black lines 
indicate a twofold cut-off for the difference in gene expression levels. Data 
represent the average of three independent experiments. mRNA expression 
levels are on a log, scale. b, Gene-set enrichment analysis (GSEA) reveals the 
over-representation of IFN transcriptional signature genes in unstimulated 
Foxo3-null BMMs. Genes are ranked into an ordered list on the basis of relative 
expression in wild-type and Foxo3-null BMMs. The middle part of the plot 
shows the distribution of the genes in the IFN transcriptional signature gene set 


the Irf7 promoter was significantly reduced in Foxo3-null macro- 
phages (Fig. 2f). 

To ascertain the transcriptional circuitry underlying the regulation 
of the Irf7 gene we needed to identify all of the participating transcrip- 
tion factors. Motif scanning of the Irf7 gene promoter predicted STAT, 
IRF and FOXO binding sites (Supplementary Table 7). The potential 
presence of the IRF site raised the possibility of auto-regulation of the 
Irf7 gene by IRF7 itself, a contention supported by previous overex- 
pression studies’. ChIP analysis validated the prediction that IRF7 
binds to its own promoter (Fig. 2f), and importantly, FOXO3 
restrained this interaction (Fig. 2g). Taken together, these results sug- 
gest a model in which a ternary complex of FOXO3, NCOR2 and 
HDAC3 facilitates a closed chromatin structure and limits IRF7 
auto-regulation in macrophages under basal conditions (Fig. 2h). 

If the FOXO3, NCOR2 and HDAC3 ternary complex keeps basal 
transcription of Irf7 in check, how then does PIC-stimulation over- 
come this inhibition? We have observed that PIC-stimulation of 
macrophages results in the clearance of FOXO3, NCOR2 and 
HDAC3 from the Irf7 promoter, and that this clearance is temporally 
associated with PIC-induced Ifnb1 production (Fig. 2b and 
Supplementary Figs 8b and 10). The most plausible hypothesis is that 
PIC-stimulated IFN production regulates the association of FOXO3 
with the Irf7 promoter. This hypothesis was confirmed by the obser- 
vation that stimulation of macrophages with IFN-f induced the phos- 
phorylation of FOXO3, and this was accompanied by a decrease in 
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(‘Hits’) against the ranked list of genes. The list on the right shows the top 30 
genes in the leading edge subset. Data represent the average of three 
independent experiments. c, Global gene expression in PIC-stimulated wild- 
type and Foxo3-null BMMs was analysed as in a. d, Gene-set enrichment 
analysis demonstrates upregulation of IFN transcriptional signature genes in 
PIC-stimulated Foxo3-null BMMs. Data represent the average of three 
independent experiments. e, mRNA levels of Cmpk2, Ddx58, Irf7, Isg20, Mx2, 
Rsad2 and Ifnb1 in wild-type and Foxo3-null macrophages in the presence or 
absence of PIC stimulation. Data are representative of three experiments 
(average of three values + standard error). 


Foxo3 mRNA and protein levels (Fig. 3a, b and Supplementary Fig. 
10a). Furthermore, PIC-dependent repression of Foxo3 mRNA and 
protein levels did not occur in macrophages isolated from IFN-I recep- 
tor (IFNAR1)-null mice (Fig. 3a and Supplementary Fig. 10b). The 
decrease in mRNA levels is explained by the observation that FOXO3 
is required for its own transcription (Supplementary Fig. 11). The 
decrease in protein levels can be explained as follows. It has been 
shown previously that the serine-threonine kinase AKT phosphory- 
lates FOXO3, leading to its translocation from the nucleus and its 
degradation in the cytosol'*'*. We show here that stimulation of 
macrophages with IFN-8 induced the phosphorylation of AKT that 
was accompanied by phosphorylation of FOXO3 at the Thr 32 residue, 
a known AKT phosphorylation site (Fig. 3b). Furthermore, treatment 
of the cells with AKT inhibitor IV abrogated IFN-I-dependent AKT 
and FOXO3 phosphorylation and prevented IFN-I-mediated decrease 
in Foxo3 mRNA and protein levels (Fig. 3b, c and Supplementary Fig. 
10c). Taken together, these results indicate that IFN-I activates the 
PI3K/AKT pathway, which in turn leads to FOXO3 degradation and 
to the cessation of Foxo3 transcription. 

FOXO3 has been shown to control CTLA-4-mediated regulation of 
IL-6, TNF-a, MCP-1 and IFN-y in dendritic cells'*"!°, and this was 
proposed to occur via increased transcription of superoxide dismutase 
(SOD2)'°. This mechanism does not seem to function in FOXO3- 
mediated repression of antiviral responses in macrophages because 
no differences in Sod2 mRNA levels in Foxo3-null macrophages were 
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Figure 2 | FOXO3 keeps the Irf7 gene in check. a, ChIP-Seq analysis 
demonstrates FOXO3 binding profile at the Irf7 gene promoter in wild-type 
BMMs. Data are representative of two experiments. b, ChIP of FOXO3 from 
unstimulated wild-type macrophages shows binding of FOXO3 to the 
promoters of the target genes. FOXO3 recruitment was not observed at control 
regions lacking FOXO binding sites (—). Data were normalized to IgG (negative 
control) and represent the average of three independent 

experiments + standard error. c, ChIP analysis of histone acetylation, 
ubiquitination and methylation at Irf7 gene promoter in wild-type and Foxo3- 
null macrophages. Data represent the average of three independent 
experiments (+ standard error). d, ChIP-Seq analysis demonstrates increased 
histone H4 acetylation levels in Foxo3-null cells. Data are representative of two 


detected (data not shown). Taken together, the data indicate that 
FOXO3 acts in a coherent feed-forward loop, thereby modulating 
the antiviral response (Fig. 3d). Under basal conditions FOXO3 
activity serves to limit I7f7 expression (1). IFN-I induces the transcrip- 
tion of Irf7 (ref. 17); this represents the direct, rapid, arm of the feed- 
forward motif (2). Concomitantly, IFN-I inhibits the transcription of 
Foxo3 (3), which leads to the depletion of FOXO3 and alleviates the 
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experiments. e, FOXO3, NCOR2 and HDAC3 are present in the ternary 
complex at the Irf7 promoter, as shown by ChIP-ReChIP assays in 
unstimulated BMMs. Data was compared to IgG and represent the average of 
three independent experiments + standard error. f, ChIP analysis of NCOR2 
and HDAC3 binding at the Irf7 gene promoter in wild-type and Foxo3-null 
macrophages. Data represent the average of three independent experiments 
(+ standard error). g, ChIP assay demonstrates increased recruitment of IRF7 
at the Irf7 gene promoter in Foxo3-null macrophages relative. Data was 
normalized to IgG and represent the average of three independent 
experiments + standard error. h, A model depicting the mechanism of 
FOXO3-mediated repression of the Irf7 gene. See text for details. 


repression of Irf7. This represents the indirect, slow, arm of the feed- 
forward motif. Thus, activation of both arms of the feed-forward motif 
is required to achieve the high level of IRF7 that is essential for the 
maximal antiviral response. In addition, this feed-forward pathway 
is aided by positive feedback regulation of IRF7 on IFN-I (4) 
(Supplementary Fig. 12), and by positive auto-regulation of IRF7 
(5). By limiting the transcription of Irf7, FOXO3 prevents leakiness 


Figure 3 | IFN-B represses FOXO3. a, IFN-f- or 
PIC-stimulation of wild-type macrophages was 
associated with a significant decrease in Foxo3 
mRNA levels. PIC-induced decrease of Foxo3 
mRNA levels was not observed in Ifnar1-null cells. 
Data are representative of three experiments 
(average of three values + standard error). b, IFN- 
B induces activation of AKT in macrophages. Bar 
graph demonstrates densitometric quantification 
of phosphorylated AKT and FOXO3 protein levels. 
c, IFN-B-induced repression of Foxo3 mRNA levels 
in wild-type BMMs was measured in the presence 
and absence of PI3K and AKT inhibitors. Data are 
representative of three experiments (average of 
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of IRF7-induced genes in the absence of a viral infection. In addition, 
FOXO3 prevents spurious noise in the activity of IFN-I because it is 
capable of dampening the IRF7-induced positive feedback on IFN-I 
production. 

A fine balance exists between optimal immune clearance of a virus 
and the collateral damage that is inflicted on infected tissue during the 
host response. The FOXO3-IRF7 regulatory circuit represents an ideal 
mechanism for balancing host defence with inflammatory damage. 
Since we discovered and explored the FOXO3-IRF7 regulatory circuit 
in macrophages we needed an in vivo model system in which macro- 
phages are the principal cells that produce IFN-I in a viral infection. 
The vesicular stomatitis virus (VSV) lung infection model fully meets 
this criterion since it has been shown that alveolar macrophages are the 
primary interferon producers to intranasal infection, and that this 
response is cell-intrinsic because depletion of alveolar macrophages 
completely ablates host defence to the virus'’. Furthermore, VSV is an 
RNA virus’? which triggers similar pathways to PIC and which is 
controlled in an IRF7-dependent manner’. Intranasal infection of 
wild-type mice resulted in a low-grade inflammatory response by 
day two following infection that was accompanied by intermediate 
viral load (Fig. 4a-c). By day five the inflammatory response had 
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Figure 4 | Antiviral responses lead to increased lung injury in the absence of 
FOXO3 and IRF7. a, Haematoxylin and eosin staining of lung tissue sections 
from wild-type, Foxo3-null and Irf7-null mice 0, 2 and 5 days after intranasal 
infection with VSV serotype Indiana 10° plaque-forming units (p.f.u.). Data are 
from one experiment that is representative of three independent experiments 
(n = 6 mice per group). Scale bar, 200 tm. b, ¢, The viral burden in lungs was 
determined by measurement of VSVg mRNA levels in lung samples using 
quantitative real-time PCR assay (b) and by standard plaque assays in Vero cells 
(c). Data are representative of three experiments (average of three 

values + standard error). 
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resolved and viral titres were at basal levels (Fig. 4a—c). By contrast, 
Foxo3-null mice had significantly decreased viral loads at day two 
when compared with wild-type mice (Fig. 4b, c); however, this res- 
ponse was accompanied by significant lung pathology, including pro- 
nounced neutrophil influx, haemorrhage and tissue damage (Fig. 4a 
and Supplementary Fig. 13). The virus was cleared by day five and lung 
inflammation was mostly resolved (Fig. 4a-c). Finally, viral replication 
was not controlled in Irf7-null mice (Fig. 4b, c). By day five these mice 
had developed severe pulmonary oedema and were killed (Fig. 4a). 

As discussed above, we chose the VSV model system because the 
anti-viral response is intrinsic to alveolar macrophages’®. Consistent 
with this, we demonstrated that alveolar macrophages, isolated from 
VSV-infected Foxo3-null animals, expressed considerably greater 
levels of mRNA encoding Irf7, Ifnb1 and other inflammatory 
cytokines including Ccl5, Ccl7 and Ccl12 than their wild-type counter- 
parts (Supplementary Fig. 14 and data not shown). The increased basal 
levels of Irf7 mRNA in Foxo3-null alveolar macrophages further sup- 
port a cell-intrinsic role for FOXO3, although it is formally possible 
that other targets are also involved. A recent study demonstrated a cell- 
intrinsic increase in CD8 T-cell expansion in Foxo3-null mice’. We 
detected comparable T-cell numbers in the lungs of VSV-infected 
wild-type and Foxo3-null mice, indicating that T cells are not con- 
tributing to the phenotype (data not shown). The data presented above 
is consistent with the proposed role of the FOXO3-IRF7 circuit in host 
defence against viruses. The model predicts that FOXO3 suppresses 
the IRF7-dependent antiviral response to curb the collateral damage 
associated with host defence. We argue that the dynamic interplay 
between FOXO3, IRF7 and IFN-I optimizes the antiviral response to 
achieve the appropriate balance between host defence and rampant 
inflammation. 


METHODS SUMMARY 

Cell culture. Bone marrow macrophages (BMMs) were isolated from C57BL/6, 
Foxo3 '~, Irf7-‘~ and Ifnarl ‘~ mice, essentially as described”'. BMMs collected 
from femurs were plated on non-tissue-culture-treated plastic in complete RPMI 
medium containing 10% (v/v) FBS (Hyclone Laboratories), 2mM 1-glutamine, 
1001U ml! of penicillin and 100gml' of streptomycin (all from Cellgro, 
Mediatech) and supplemented with recombinant human macrophage colony- 
stimulating factor (50 ng ml’; Peprotech). BMMs were treated for various length 
of time with high-purity LPS (10 ng ml~ 1. Salmonella minnesota; List Biologicals), 
Pam ;CSK, (300 ng ml '; EMC Microcollections), PIC (6 pg ml !; Amersham), 
purified murine IFN-B (1.45 X 10.°Uml!; PBL-interferon source), VPA 
(5mM; Sigma), Apicidin (2.5 uM; Sigma), Ly294002 (50 uM; Sigma) and AKT 
inhibitor IV (20 1M; EMD Chemicals). 

Microarrays and quantitative RT-PCR. RNA isolation for transcriptome 
analysis of BMMs was performed using TRIzol reagent (Invitrogen). Gene 
expression profiling was performed using Affymetrix GeneChip Mouse 
Genome 430 2.0 and GeneChip Mouse Exon 1.0 ST arrays. Details of the analytical 
methods are provided in the Methods. For quantitative RT-PCR, total RNA was 
reverse-transcribed to complementary DNA and amplified using primers specific 
for murine transcripts. Expression values were calculated relative to the Eeflal 
mRNA transcripts. 

ChIP-Seq and ChIP. For ChIP-Seq, immunoprecipitated DNA samples were 
sequenced on a Illumina HiSeq 2000 sequencing system and aligned using the 
ELAND software package (Illumina). Peaks identification was performed accord- 
ing to standard methods and is described in full in Methods. For quantitative ChIP, 
immunoprecipitated DNA samples were amplified with target promoter-specific 
primers. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 

Mice. C57BL/6 mice were obtained from Jackson Laboratories. [fnar1 ~~ (ref. 22) 
and Irf7 ‘~ (ref. 23) mice were obtained through the Swiss Immunological Mutant 
Mouse Repository. Foxo3 ‘~ mice in the FVB background” were obtained from 
MMREC and were backcrossed to C57BL/6 mice at least 5 times to generate 
congenic mice. C57BL/6 Foxo3*!~ heterozygotes were intercrossed to generate 
Foxo3 /~ mice. Mice were maintained at the animal facility of the Institute for 
Systems Biology and used at 8-12 weeks of age. All animals were housed and 
handled according to the approved protocols of University of Washington and 
Institute for Systems Biology’s Institutional Animal Care and Use Committees. 
Microarray analysis. Total RNA was extracted using a TRIzol solution 
(Invitrogen) and overall RNA quality was analysed with an Agilent 2100 
Bioanalyzer. Sample mRNA was amplified, labelled and hybridized to 
GeneChip Mouse Genome 430 2.0 and GeneChip Mouse Exon 1.0 ST arrays 
according to the array manufacturer’s instructions (Affymetrix). Probe intensities 
were measured and then processed with Affymetrix GeneChip operating software 
into image analysis (.CEL) files. The Affymetrix CEL files were normalized with 
robust multi-array average expression measure” and baseline scaling using the 
software Bioconductor*, then exported to Matlab (MathWorks) for further ana- 
lysis. The raw data from Affymetrix GeneChip Mouse Genome 430 2.0 arrays are 
posted at ArrayExpress”’ (http://www.ebi.ac.uk/arrayexpress/) with accession 
number E-TABM-310. Statistical analysis and data post-processing were per- 
formed with in-house developed functions in Matlab. For transcriptome analysis 
of TLR-induced responses in wild-type, Foxo3 ‘~ and Irf7 '~ BMMs, genes were 
selected for inclusion on the basis of filtering for minimum log, expression intens- 
ity (>6) in at least one time point. Genes having differential expression (threefold 
up- or downregulated relative to wild-type unstimulated BMMs, in at least one 
time point) were selected for gene-clustering analysis to identify groups of genes 
that were co-expressed across the diverse set of TLR-stimulation experiments in 
wild-type BMMs, based on the assumption that genes within a cluster are likely to 
share common cis-regulatory elements”. Gene cluster analysis was performed 
using the K-means algorithm with squared Euclidean distance”, with 500 
iterations. Expression measurements were transformed on the basis of a single 
universal reference experiment (wild-type unstimulated BMMs) so that the trans- 
formed measurements would all lie between —1 and 1, with 0 indicating the 
intensity in the reference experiment”. 

Gene set enrichment analysis (GSEA). GSEA is an analytical tool for relating 
differentially regulated genes to transcriptional signatures and molecular 
pathways associated with known biological functions*’. The statistical significance 
of the enrichment of known transcriptional signatures in a ranked list of genes was 
determined as described*'. To assess the phenotypic association with FOXO3 
deficiency, we used the list of genes that was ranked according to differential gene 
expression in Foxo3 ‘~ and Foxo3*/* BMMs. We used 1,294 gene sets from the 
Molecular Signature Database C2 version 2.5 and 24 custom gene sets including 
interferon-stimulated gene set (Supplementary Table 8). 

Quantitative real-time PCR. For measurement of the expression of mRNA tran- 
scripts in BMMs, total RNA was collected by TRIzol (Invitrogen). RNA was 
reverse-transcribed and analysed by real-time PCR with TaqMan Gene 
Expression assays (Applied Biosystems). Data were acquired using a 7900HT 
Fast Real-Time PCR system (Applied Biosystems) and CFX96 Real-Time PCR 
Detection System (BioRad) and were normalized to the expression of Eeflal 
mRNA transcripts (encoding eukaryotic translation elongation factor 1 «1) in 
individual samples. TaqMan primers are listed in Supplementary Table 9. 
Western blots analysis. Whole-cell extracts of BMMs and immunoprecipitations 
were prepared as previously described*’. Proteins were analysed by SDS-PAGE 
and subsequently by western blot using the following antibodies against FOXO3 
(75D8) (Cell Signaling); phospho-FOXO3 (T32) (Cell Signaling); beta-actin 
(ab20272) (Abcam); IRF7 (Invitrogen); phospho-AKT (T308) (C3le5e) and 
AKT (C67e7) (Cell Signaling). Densitometric quantification of western blot bands 
was performed using the NIH Image J software. 

Enzyme-linked immunosorbent assay (ELISA). BMMs were treated for various 
lengths of time with PIC (6 jg ml) and supernatants were collected and analysed 
by ELISA to measure production of IFN-f (PBL Biomedical Laboratories). 
Motif scanning. Promoter sequences encompassing 3 kilobases on either side of 
the transcriptional start site of a gene were scanned using the software tool 
MotifLocator” as described’. Briefly, a total of 390 murine transcription factor 
matrices were obtained from the TRANSFAC database Professional version 
9.3(ref. 34). These matrices were used to scan gene promoters where the individual 
matrix thresholds were set to report predictions above the percentile of 0.067%, 
that is, an expectation of observing a prediction for a matrix every 1500bp. For a 
pair-wise enrichment of transcription factors (TF;) in promoter regions of a 
particular cluster of genes, we calculated a cumulative relative number of a TF 


pair ise ) as follows: 


Ni ATE,.TE)) 


k 
TFT) _ k=l (1) 


N, , 
where | is the gene cluster index (Je{1,...,N}), Nis the number of gene clusters, N) 


: ? TE,,TF) . : _ 
is the number of genes in cluster /, Mi » TH) is the number of predicted (P= 10 3) 
(TF,,TF)) 


TF binding site pairs for TF; and TF;. The enrichment score (ES, ) fora 
(TE,,TF;) transcription factor pair was calculated as follows: 
g(TTE) 
(TF; ,TE;) 1 
Bg = (2) 
1 ake ei TH) 
(TE,,TE,) 


where k is the gene cluster index (ke{1,...,N}[—i]). ES; reflects a specific 
enrichment of the (TF,,TF;) transcription factor pair across gene clusters of interest. 
ChIP-Seq and quantitative chromatin immunoprecipitation (ChIP). For 
ChIP-Seq analysis formalin-fixed cells were sonicated and processed for immu- 
noprecipitation essentially as described’’. In brief, 1.5 X 10’ BMMs were cross- 
linked for 10 min in 1% paraformaldehyde, washed and lysed. Chromatin was 
sheared by sonication (5X 60s at 30% maximum potency) to fragments of 
approximately 150 bp. The sheared chromatin was incubated with anti-rabbit 
IgG Dynabeads (Invitrogen) pre-conjugated with antibodies to FOXO3 (H- 
144), HDAC3 (sc-11417) (Santa Cruz Biotechnology); IRF7 (Invitrogen), 
ubH2B (5546), ubH2A (8240), H3K36me3 (4909), H3K4me3 (9727) and 
H3K4me2 (9726) (Cell Signaling); H3K9me (ab8896) and H3K9me3 (ab8898) 
(Abcam); NCOR2 (PA1-843) (Thermo Scientific) and acH4 (06-598) (Upstate), 
washed and eluted. The eluted chromatin was reverse-cross-linked, and DNA was 
purified using phenol/chloroform/isoamyl extraction. The purified ChIP DNA 
was prepared for sequencing with the Illumina ChIPSeq Sample Prep kit and 
processed according to the manufacturer’s protocol. 

The ChIP-Seq data was aligned to the mouse genome (NCBI37/mm9; July 

2007) using the ELAND alignment software (Illumina). Regions where the 
ChIP signals were enriched relative to the normal rabbit serum (NRS) control 
were determined as described*’. We used a false discovery rate of less than 1%. For 
quantitative ChIP, immunoprecipitated DNA samples were amplified with target- 
promoter-specific primers using TaqMan quantitative PCR analysis. DNA region 
lacking FOXO binding sites served as a negative control**. Primers and probe 
sequences are listed in Supplementary Table 10. 
Viral pathogenesis in mice. 8-12 weeks old female mice were used in this study. 
Baseline body weights were measured before infection. Body weight and survival 
were monitored daily for 5 days and mice with body weight loss of more than 25% 
of pre-infection values were euthanized. For virological and pathological exam- 
inations, 6 mice per group were anaesthetized with ketamine/xylazine and intra- 
nasally infected with 10° p.f.u. (30 ll) of VSV serotype Indiana (Mudd-Summers 
isolate), originally obtained from D. Kolakofsky. The virus titres in lungs were 
determined by standard plaque assays in Vero cells, as described” and by 
measurement of VSVg mRNA levels in lung samples using quantitative real-time 
PCR assay. The primers used for the detection of VSVg mRNA were: forward, 
5'-CCTGGGTTTTTAGGAGCAAGATAG-3’; reverse, 5’-AAGAAACCTGGAG 
CAAAATCAGA-3' and FAM-labelled probe, 5’-CGGGTCTTCCAATCTCTC 
CAGTGGATCT-3’. 

To assess viral pathogenesis, lungs of control and experimentally infected mice 

were processed for haematoxylin and eosin staining. In addition to determine the 
extent of neutrophil influx, the lung samples were processed for immunohisto- 
chemistry staining with antibodies against LY6B (Serotec). 
Luciferase assay. RAW 264.7 cells were transfected with Irf7- and Foxo3- 
promoter luciferase reporter constructs, and with constitutively active FOXO3 
(FOXO3-TM) construct obtained from Addgene (plasmid 1788)'*. Luciferase 
assays were performed as described”*. All luciferase activity was normalized to 
the expression of the co-transfected Renilla luciferase. 
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The prevalence of type 2 diabetes is rapidly increasing, with severe 
socioeconomic impacts'”. Excess lipid deposition in peripheral 
tissues impairs insulin sensitivity and glucose uptake, and has been 
proposed to contribute to the pathology of type 2 diabetes**. 
However, few treatment options exist that directly target ectopic 
lipid accumulation’. Recently it was found that vascular endothelial 
growth factor B (VEGF-B) controls endothelial uptake and transport 
of fatty acids in heart and skeletal muscle’. Here we show that decreased 
VEGFE-B signalling in rodent models of type 2 diabetes restores insulin 
sensitivity and improves glucose tolerance. Genetic deletion of Vegfb in 
diabetic db/db mice prevented ectopic lipid deposition, increased mus- 
cle glucose uptake and maintained normoglycaemia. Pharmacological 
inhibition of VEGF-B signalling by antibody administration to db/db 
mice enhanced glucose tolerance, preserved pancreatic islet architec- 
ture, improved f-cell function and ameliorated dyslipidaemia, key ele- 
ments of type 2 diabetes and the metabolic syndrome. The potential use 
of VEGF-B neutralization in type 2 diabetes was further elucidated in 
rats fed a high-fat diet, in which it normalized insulin sensitivity and 
increased glucose uptake in skeletal muscle and heart. Our results dem- 
onstrate that the vascular endothelium can function as an efficient 
barrier to excess muscle lipid uptake even under conditions of severe 
obesity and type 2 diabetes, and that this barrier can be maintained by 
inhibition of VEGF-B signalling. We propose VEGF-B antagonism as a 
novel pharmacological approach for type 2 diabetes, targeting the lipid- 
transport properties of the endothelium to improve muscle insulin 
sensitivity and glucose disposal. 

Type 2 diabetes affects approximately 310 million individuals world- 
wide’, and its prevalence is expected to increase in the future**. The disease 
is strongly associated with obesity and pathological lipid deposition within 
extra-adipose tissues®, and lipid-induced insulin resistance in muscles has 
been suggested to contribute to the development of type 2 diabetes**. 
Several mechanisms for the deleterious effect of ectopic lipids have been 
suggested, including the accumulation of diacylglycerols or ceramides that 
disrupt insulin signalling*’”°, and intracellular redistribution of key com- 
ponents of the molecular machinery required for glucose uptake’!’”. Of 
the therapies currently available for the treatment of type 2 diabetes very 
few specifically target lipid deposition in peripheral tissues’. 

We recently reported that VEGF-B acts on the vascular endothe- 
lium to regulate trans-endothelial transport of circulating fatty acids 
into cardiac and skeletal muscle”’**. VEGF-B is expressed by tissue 
cells with high metabolic activity, such as cardiac and skeletal myo- 
cytes, brown adipocytes and pancreatic B-cells, from where it signals to 
the endothelium”’*"*. The interaction of VEGE-B with the endothelial 
receptor VEGF receptor 1 (VEGFRI, also known as FLT]; ref. 17) and 
the co-receptor neuropilin 1 (ref. 18) induces transcriptional upregu- 
lation of the vascular-specific fatty acid transport protein 3 (Fatp3, also 


known as Slc27a3) and the more ubiquitously expressed Fatp4 (also 
known as Slc27a4; ref. 7). Mice lacking VEGF-B (Vegfb ‘~)” are 
healthy and fertile, but exhibit decreased fatty-acid uptake and lipid 
deposition in muscles. Instead, lipids are shunted to the white adipose 
tissue, and therefore Vegfb ‘~ mice gain more weight’. Conversely, 
cardiac overexpression of VEGF-B causes ceramide accumulation in 
the heart, and ultimately leads to mitochondrial dysfunction”. Taken 
together, these observations suggest that targeting VEGF-B could be a 
novel approach to preventing pathological lipid deposition, with the 
accumulation of lipids halted at the level of the endothelium. 

To address this possibility, we examined the effect of Vegfb deletion 
in mice fed a high-fat diet (HFD mice) and in diabetic db/db mice”. 
Both mouse models are characterized by obesity, hyperglycaemia and 
ectopic lipid deposition (Supplementary Fig. la—c). In contrast to our 
previous observations’, mitochondrial gene expression was decoupled 
from the expression of Vegfb and its downstream target Fatp3 in obese 
mice. Expression of mitochondrial genes was reduced in HFD and db/db 
mice**”*, whereas skeletal and cardiac muscle expression of Vegfb and 
Fatp3 were increased (Supplementary Fig. 1d-g). This suggested that 
targeting VEGF-B-mediated fatty-acid uptake could have beneficial 
effects on intramuscular lipid accumulation, and thus the diabetic 
phenotypes. We observed that although Vegfb”'~ mice fed a HFD 
(HED Vegfb-‘~ mice) gained more weight and had larger fat pads 
than HFD wild-type mice, they showed lower blood glucose levels 
(Supplementary Fig. 2). These effects were even more prominent 
in Vegfb-'~ mice crossed with db/db mice (db/db Vegfb ‘~ mice). 
db/db Vegfb'~ mice had normal blood glucose levels in both the fasted 
and postprandial state, in contrast to the severely hyperglycaemic db/db 
control animals (Fig. 1a, b). There appeared to bea gene dosage effect in 
males, with heterozygous db/db Vegfb*'~ mice showing slightly elevated 
blood glucose levels compared with homozygous db/db Vegfb ‘~ mice. 
In contrast, the deletion of a single copy of Vegfb was sufficient for 
female db/db Vegfb*'~ mice to remain normoglycaemic (Supplemen- 
tary Fig, 3a, b). The db/db Vegfb*'~ and db/db Vegfb‘~ mice had equal 
or lower plasma insulin levels compared to db/db controls, indicating 
that their normalized blood glucose was not due to compensatory 
hyperinsulinaemia (data not shown). All three genotypes had similar 
body weight and weight gain until 20 weeks of age, when the db/db 
control animals became catabolic, that is, they stopped gaining weight 
and developed glucosuria (Fig. 1c, d and Supplementary Fig. 3c—f). In 
contrast, db/db mice lacking one or both Vegfb alleles did not become 
catabolic (Fig. 1c, dand Supplementary Fig. 3c—f). Deletion of Vegfb did 
not affect food intake in mice on either a normal diet or HFD, or in 
diabetic mice (Supplementary Fig. 4). 

Deletion of Vegfb in db/db mice reduced Fatp3 messenger RNA 
expression (Supplementary Fig. 5), and significantly decreased lipid 
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Figure 1 | Vegtb deficiency protects db/db mice against the onset of type 2 
diabetes. a, Endpoint blood glucose levels for fasted lean (n = 34), db/db 
(n= 5), db/db Vegfb*!~ (n =7) and db/db Vegfb '~ (n = 5) mice, and for fed 
lean (n = 22), db/db (n = 7), db/db Vegfb*'~ (n = 6) and db/db Vegfb'~ 

(n = 8) mice. b, c, Bi-weekly measurements of blood glucose an body weight of 
db/db (n = 15), db/db Vegfb*/~ (n = 32) and db/db Vegfo ' ~ (n= 20) mice. 
d, Endpoint glucosuria in lean (n = 5), db/db (n = 18), db/db Vegfb*!~ 

(n = 20) and db/db Vegfb ~ (n= 17) mice. e, f, Staining (e; scale bars, 50 um) 
and quantification (f) of oil-red-O (ORO)-stained neutral lipids in skeletal (sk.) 


and cardiac muscles from lean (n = 4), db/db (n = 6), db/db Vegfb''~ (n=4 


skeletal, n = 10 cardiac) and db/db Vegfb ' ~ (n= 5) mice. a.u., arbitrary units. 
g, Quantification of triglycerides (TGs) in isolated pancreatic islets from lean, 
db/db, db/db Vegfb*'~ and db/db Vegfb"'~ mice (n = 5 per group). 

h, ['8E]EDG accumulation in hearts during PET. i, Post-PET measurement of 
radioactivity in skeletal muscles and hearts (n = 4 per group). % ID per g, 
percentage of injected tracer dose per gram tissue. t/*P < 0.05, tt/**P < 0.01, 
+4 4/***P < 0.001 compared to lean and to db/db mice, respectively. Values are 
means + s.e.m. 
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Figure 2 | Vegtb deficiency ameliorates the metabolic syndrome. 

a-d, Intraperitoneal glucose and insulin tolerance tests (IPGTTs and IPITTs) 

and area under curve (AUC) analysis of lean, HFD wild-type (WT) and HFD 

Vegfb— '~ mice (a,b, n = 7 per group), and of lean (c, d, n = 7), db/db (n = 12in 

c,n=7 in d), db/db Vegfb'!~ (n = 19) and db/db Vegfb~ ‘~ mice (n = 9 in 
c,n = 12ind).e, Plasma levels of triglycerides (n = 12 lean, n = 6 db/db, n = 15 

db/db Vegfb'', n= 6 db/db Vegfb '), HDL-c and LDL-c (n = 3 lean, n= 7 


db/db, n = 13 db/db Vegfb*'~, n =7 db/db Vegfb"'~), NEFAs (n = 27 lean, 
n= 10 db/db, n = 14 db/db Vegfb*', n= 11 db/db Vegfb '~) and ketones 
(n = 13 lean, n = 8 db/db, n = 13 db/db Vegfb*'~, n = 13 db/db Vegfb"'~). 
+/*P < 0.05, tt/**P < 0.01, tt t/***P < 0.001 compared to lean and to HFD 
wild-type mice (a, b), or lean and db/db mice (c-e), respectively. Values are 


means = s.e.m. 
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Figure 3 | Pharmacological VEGF-B neutralization enhances glucose 
tolerance in diabetic mouse and rat models. a, b, Blood glucose levels of 
control- or 2H10-treated pre-diabetic (a, n = 10 per group) and diabetic 

(b, n = 12 control-treated, n = 16 2H10-treated) db/db mice. 

c, d, Quantification of ORO staining in skeletal and cardiac muscles from 
untreated lean mice (n = 4), and from control- or 2H10-treated pre-diabetic 
(c, n = 6 per group) and diabetic (d, n = 4 per group) db/db mice. e, IPGTT and 
AUC analysis of untreated lean mice (n = 6), and control- (m = 5) or 2H10- 
treated (n = 5) pre-diabetic db/db mice. f, Plasma levels of triglycerides (n = 17 


deposition in skeletal muscle and myocardium (Fig. le, f and Sup- 
plementary Fig. 6a). VEGF-B depletion also reduced the accumulation 
of triglycerides in isolated pancreatic islets from db/db Vegfb*’~ and 
db/db Vegfb'~ mice (Fig. 1g), but did not affect lipid accumulation in 
liver (data not shown). Reduced intramuscular lipid levels have been 
proposed to shift metabolism towards glucose usage™*. Therefore, in vivo 
uptake and accumulation of the glucose analogue [2-'*F]-2-fluoro-2- 
deoxy-D-glucose ({'3E]EDG) was assessed in db/db and db/db Vegfb '~ 
mice using positron emission tomography (PET). Analyses of the 
db/db Vegfb ‘~ mice showed a 29% increase in cardiac ['SF] FDG uptake 
as compared to db/db controls (Fig. 1h and Supplementary Fig. 6b). 
Post-PET measurement of radioactivity in dissected tissues confirmed 
increased glucose uptake in both skeletal and cardiac muscles in 
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lean, n = 12 control-treated, n = 13 2H10-treated mice), HDL-c and LDL-c 
(n = 3 per group), NEFAs (n = 27 lean, n = 6 control-treated, n = 8 2H10- 
treated mice) and ketones (n = 16 lean, n = 9 control-treated, n = 11 2H10- 
treated mice). g, h, GIR and GDR (g), and ['4C]-deoxyglucose uptake into 
muscles (h), after a hyperinsulinaemic/euglycaemic clamp in control- and 
2H10-treated HFD-fed rats (n = 6 per group), compared to control-treated 
normal diet (ND)-fed (n = 5) rats. t/*P < 0.05, ++/**P < 0.01, tf4/ 

***P < (0.001 compared to lean/db/db control mice (a-f), or control-treated 
ND-fed/HFD-fed rats (g, h). Values are means = s.e.m. 


db/db Vegfb"'~ mice (Fig. 1i). Taken together, the deletion of either 
one or both copies of Vegfb in diabetic mouse models was sufficient to 
reduce peripheral lipid deposition in muscular tissues, increase glucose 
uptake and maintain normoglycaemia. 

Type 2 diabetes and the metabolic syndrome are characterized by 
glucose intolerance, insulin resistance and dyslipidaemia. HFD 
Vegfb ‘~ mice demonstrated improved glucose tolerance compared 
to HED wild-type mice, and were comparable to lean mice in their 
response to insulin injections (Fig. 2a, b). Similarly, db/db Vegfb'~ and 
db/db Vegfb*'~ mice were more glucose tolerant and insulin sensitive 
than db/db controls (Fig. 2c, d). The expression of gluconeogenic and 
lipogenic genes was increased in the livers of control db/db mice, pro- 
bably owing to hepatic insulin resistance’, but the db/db Vegfb‘~ mice 
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showed a normal hepatic expression pattern of such genes (Sup- 
plementary Fig. 6c). Furthermore, dyslipidaemia was ameliorated in 
db/db Vegfb ‘~ mice (Fig. 2e). The db/db Vegfb"'~ mice had reduced 
plasma triglyceride levels and low-density lipoprotein (LDL)/very- 
low-density lipoprotein (VLDL)-bound cholesterol (LDL-c) levels, 
and higher levels of high-density lipoprotein (HDL)-bound cholesterol 
(HDL-c) than the db/db controls (Fig. 2e). The db/db Vegfo '~ mice 
also had a normal HDL-c to LDL-c ratio (lean mice, 4.3 + 0.5; db/db, 
1.8 + 0.3; db/db Vegfb*'~, 4.0 + 0.4; db/db Vegfb-‘~, 4.2 + 0.6), indi- 
cating a lower risk for cardiovascular disease, although total plasma 
cholesterol was higher in db/db Vegfb'~ mice compared to lean mice. 
Moreover, the levels of circulating non-esterified fatty acids (NEFAs) 
and ketones were reduced in db/db Vegfb '~ mice (Fig. 2e). Genetic 
deletion of Vegfb thus targeted several hallmarks of type 2 diabetes, and 
improved the metabolic balance. 

To investigate whether pharmacological inhibition of VEGF-B sig- 
nalling could ameliorate type 2 diabetes and the metabolic syndrome, 
db/db mice were injected with a specific neutralizing anti- VEGF-B 
antibody (2H10, mouse version”’) or a control antibody for 10 weeks. 
Two treatment strategies were applied, one preventative using pre- 
diabetic db/db mice, and one therapeutic using diabetic db/db mice 
(Supplementary Fig. 7a). Both strategies lowered cardiac Fatp3 messenger 
RNA levels at the end of the study, whereas no effect on Vegfb expression 
was detected (Supplementary Fig. 7b, c). Treatment of pre-diabetic db/db 
mice with 2H10 prevented the development of hyperglycaemia (Fig. 3a), 
and the progression of hyperglycaemia was halted in diabetic db/db mice 
receiving 2H10 (Fig. 3b). At the end of the study, db/db mice receiving 
2H10 showed reduced lipid deposition in skeletal muscle and heart 
(Fig. 3c, d and Supplementary Fig. 8), and improved glucose tolerance 
compared to control-treated db/db mice (Fig. 3e and Supplementary 
Fig. 9a), although no effect on weight gain was observed (data not shown). 
Administration of 2H10 protected the pre-diabetic db/db mice against 
elevated levels of circulating triglycerides, LDL-c, NEFAs and ketones, 
and increased plasma HDL-c levels (Fig. 3f). 2H10 treatment of diabetic 
db/db mice had no effect on plasma triglyceride levels, and increased the 
levels of both HDL-c and LDL-c as compared to controls (Supplementary 
Fig. 9b). However, 2H10 treatment did lower both circulating NEFAs and 
ketones in diabetic db/db mice (Supplementary Fig. 9b). In summary, 
anti- VEGF-B treatment over a 10-week period, in either a preventative or 
a therapeutic context, was able to considerably limit disease progression. 

To determine further the therapeutic potential of an anti- VEGF-B 
antibody in insulin resistance and type 2 diabetes, rats were fed a HFD 
(HFD rats) for 8 weeks, and in parallel given 2H10 (chimaeric mouse/rat 
antibody), or a control antibody. Treatment with 2H10 normalized glu- 
cose tolerance and glucose-stimulated insulin secretion in the HFD rats 
(Supplementary Fig. 10a—c). A hyperinsulinaemic/euglycaemic clamp 
study demonstrated that control-treated HFD rats exhibited reduced glu- 
cose infusion rates (GIRs) and glucose disposal rates (GDRs) compared to 
lean control-treated animals, indicative of insulin resistance (Fig. 3g). In 
contrast, 2H10 treatment of HFD rats increased both GIR and GDR, and 
significantly promoted glucose uptake in skeletal muscle and heart 
(Fig. 3g, h). Food consumption and endogenous glucose production 
remained unchanged in the 2H10-treated HFD rats compared to HFD 
controls (Supplementary Fig. 10d, and data not shown). Anti- VEGF-B 
treatment thus restored insulin sensitivity, increased muscle glucose 
usage, and reversed type 2 diabetes pathology in these rodent models. 

The improved glucose tolerance after VEGF-B neutralization in 
mice and rats suggested that inhibition of VEGF-B might preserve islet 
function in addition to ameliorating insulin resistance. Histochemical 
analysis showed that 2H10 treatment of pre-diabetic and diabetic mice 
did not prevent pancreatic islet hyperplasia (Fig. 4a, b) or influence islet 
density (Supplementary Fig. 1la). However, 2H10-treated diabetic 
mice had large islets with few signs of degeneration, whereas the diabetic 
control mice had small islets with grossly disrupted architecture (Fig. 4a, 
b). The 2H10-treated db/db mice had normalized expression of insulin 
and glucagon within their islets as compared to control-treated mice 
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Figure 4 | Preventative and therapeutic VEGF-B neutralization preserves 
insulin production and pancreatic islet morphology in db/db mice. 

a-e, Analysis of control-treated or 2H10-treated pre-diabetic (n = 3 control- 
treated, n = 4 2H10-treated) or diabetic (n = 3 per group) db/db mice, as 
compared to untreated lean mice (m = 6). a, Pancreatic islets stained for insulin 
and glucagon. Scale bars, 100 um. b-d, Quantification of mean islet size 

(b), percentage of insulin-stained area per islet (c) and stained glucagon to insulin 
ratio (d). e, Quantification of cleaved caspase 3 stained area per islet. Plus signs 
denote positively stained area. {/*P < 0.05, ¢t/**P < 0.01, *tt/***P < 0.001 as 
compared to lean and db/db controls, respectively. Values are means + s.e.m. 


(Fig. 4a, c and Supplementary Fig. 11b). Furthermore, 2H10-treated 
animals had a normalized ratio between glucagon and insulin staining 
(Fig. 4d), and fewer centrally located o-cells within the islets (Sup- 
plementary Fig. 11c), indications of preserved islet integrity. Staining 
for the apoptosis marker cleaved caspase 3 confirmed that the db/db 
mice treated with 2H10 showed significantly reduced [B-cell apoptosis 
(Fig. 4e and Supplementary Fig. 12). Thus, therapeutic inhibition of 
VEGE-B signalling preserved insulin production and islet functionality 
by protecting islet architecture and preventing B-cell apoptosis. 
Insulin resistance characterizes >90% of type 2 diabetes patients”. 
However, with the exception of the thiazolidinediones, none of the 
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current treatment options primarily targets this aspect of type 2 diabetes 
pathology. Although thiazolidinediones have recently been linked to 
adverse cardiovascular outcomes, the use of these drugs provided a 
clear proof of concept that lowering peripheral lipid deposition can 
ameliorate type 2 diabetes”*. We show, in four different rodent models 
of insulin resistance and type 2 diabetes, that glucose intolerance can be 
efficiently reduced by targeting VEGF-B-regulated FATP expression and 
endothelial lipid transport. Alternatively, the observed improvements 
could be explained by VEGF-B antagonism reducing vascular inflam- 
mation or increasing trans-endothelial insulin transport, endothelial 
functions that have both been shown to be important for whole body 
insulin sensitivity”? 

Anti-VEGF-B treatment also improved pancreatic B-cell function, 
possibly by reducing triglyceride accumulation within the islets. Direct 
effects of VEGF-B signalling on f-cells are unlikely, as VEGFR1 is only 
expressed by endothelial cells in the pancreas’®. We analysed HFD-fed 
mice overexpressing VEGF-B selectively in pancreatic B-cells under the 
rat insulin promoter (RIP VEGF-B mice). HFD-fed RIP VEGF-B mice 
were indistinguishable from wild-type mice in glucose tolerance, insulin 
sensitivity, islet morphology and circulating levels of insulin (data 
not shown). Furthermore, no alterations were detected in lean RIP 
VEGF-B mice in pancreatic islet physiology, lipid staining or Fatp 
expression’®. Hence, systemic 2H10 treatment could be protecting 
the islets through a combination of reduced lipotoxicity and improved 
peripheral insulin sensitivity, leading to a reversal of hyperglycaemia 
and thereby no requirement for hyperinsulinemia. 

In conclusion, both genetic and pharmacological inhibition of 
VEGF-B signalling can limit ectopic lipid accumulation, restore peri- 
pheral insulin sensitivity and muscle glucose uptake, and preserve islet 
functionality. To our knowledge, this is the first study where the barrier 
function of the vascular endothelium has been harnessed to prevent 
development of insulin resistance and type 2 diabetes. The results indicate 
that the endothelium can function as an effective barrier to lipid transport 
even in the context of obesity and dyslipidaemia. We propose that inhibi- 
tion of VEGF-B signalling represents a novel and promising treatment 
option that targets the underlying pathology of type 2 diabetes, thereby 
improving several adverse metabolic consequences of the disease. 


METHODS SUMMARY 

Mice. C57BL/6 Vegfb'~ mice have previously been described'®. C57BKS/Lepr®” 
(db/db) mice were purchased from Jackson Laboratory, and bred with Vegfb ‘~ 
mice. db/db Vegfb '~ and control db/db Vegfb''* mice were bred by mating 
heterozygous db/+ Vegfb*’~ mice with each other. Wild-type C57/BL6 mice from 
the Vegfb-knockout mouse colony were used as lean wild-type controls. All animals 
had ad libitum access to chow and water, and were housed in standard cages with 
12h light-12h dark cycles. All mouse work was conducted in accordance with 
protocols approved by Swedish Animal Welfare Board in Stockholm, Sweden. 


Full Methods and any associated references are available in the online version of 
the paper. 
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METHODS 
Animals. C57BL/6 Vegfb '~ mice have previously been described”. C57BKS/Lepr 
(db/db) mice were purchased from Jackson Laboratory and bred with Vegfb 7 
mice. db/db Vegfb ‘~ mice were bred by mating heterozygous db/+ Vegfb'’” mice 
with each other. Wild-type C57BL/6 mice from the Vegfb ‘~ colony were used as 
mouse lean controls. Age- and sex-matched mice of both sexes were used in all 
studies unless otherwise stated. Endpoint analyses for lean, db/db, db/db Vegfb*/~ 
and db/db Vegfb ‘~ mice were carried out at 22-32 weeks of age unless indicated 
otherwise. For mouse HED studies, male wild-type and Vegfb ‘~ mice were fed 
60% HED (Research Diets) for 16 weeks from 5 weeks of age. For rat HED studies, 
male Wistar rats were fed a 60% HED (Speciality Feeds) for 8 weeks from 8 weeks of 
age. All animals, independent of diet, had ad libitum access to chow and water, and 
were housed in standard cages in an environment with 12h light-12h dark cycles. 
All animal work using mice was conducted in accordance with the Swedish Animal 
Welfare Board at Karolinska Institutet, Stockholm, Sweden, whereas the animal work 
using rats was conducted according to relevant national and international guidelines 
and approved by the Austin Health Animal Ethics Committee, Melbourne, Australia 
(AEC A2009/03967). 
Glucose and weight measurements. Weight and postprandial blood glucose 
levels of mice were monitored bi-weekly after removal of food for 2h. Glucose 
measurements were performed on blood drawn from the tail vein using a Bayer 
Contour Glucose Meter. For the measurements of metabolites in fasted plasma, 
food was removed overnight for a maximum of 16 h, glucose was measured under 
anaesthesia using isoflurane, and the mice were killed afterwards. For analysis of 
glucosuria, mice were starved for 1h, urine was then collected and the glucose 
concentration was directly measured using reagent strips according to the man- 
ufacturer’s instructions (Uristix, Siemens). 
Measurement of food intake. The food intake of lean, HED-fed and db/db mice, 
as well as HED-fed rats, was measured for 5-7 consecutive weeks. All animals and 
the amount of food in the cage were weighed once a week. The intake of food, 
presented as grams per day per animal, was calculated by dividing grams of food 
eaten per day per number of animals in the cage. The average of all weeks was 
presented in the figures. 
Metabolic analyses of mouse plasma. Mice in a postprandial state were anaesthe- 
tized with isoflurane, and total blood was withdrawn from the cardiac cavity of mice 
under deep anaesthesia. The blood was centrifuged at 18,000g, at 4°C for 10 min, 
after which plasma was separated and frozen in aliquots at —80°C. Commercially 
available kits were used for enzymatic determination of NEFAs (Wako Chemicals), 
B-hydroxybutyrate (Stanbio Laboratories), triglycerides (Sigma-Aldrich), and HDL-c 
and LDL-c (BioVision). 
Phenotyping of mice. Analysis of muscular and cardiac mRNA expression, ORO 
staining and quantification, and ['SF]FDG uptake by PET were performed as 
previously described’. 
2H10 treatment of db/db mice. Seven-week- or sixteen-week-old db/db mice 
were injected intraperitoneally twice weekly for 10 weeks with 400 pig of either 
2H10 or isotype-matched control antibody. After 9 weeks of treatment, glucose 
tolerance was evaluated by IPGTT (see later). At the end of the treatment period, 
the mice were anaesthetized by isoflurane, blood glucose was measured and total 
blood was removed by cardiac puncture. Organs were harvested and flash frozen 
for later analyses. 
2H10 treatment of HFD-fed Wistar rats. To minimize the potential immuno- 
genicity of the mouse 2H10 antibody it was reformatted as a chimaeric mouse/rat 
2H10 IgG antibody. The genes for both the light and heavy chain variable region of 
the murine anti- VEGF-B antibody 2H10 (ref. 28) were synthesized (Geneart) and 
cloned into separate pcDNA3.1(+) expression vectors, which had been modified 
to contain rat IgG2a and rat kappa constant regions, respectively. All animals were 
treated with either anti-VEGF-B chimaeric mouse/rat 2H10 antibody or an iso- 
type control using a 20mgkg ' dose injected intraperitoneally twice weekly for 
the 8-week period of the study. 
IPGTTs and IPITTs. IPGTT and IPITT were performed in the morning on non- 
fasted mice that had had their food removed 1h before the experiment and were 
injected intraperitoneally (IPGTT 1 mg glucose per g body weight (BW) and IPITT 
1 mU insulin per g BW). Pooled data from =4 individual experiments are shown. 
IPGTTs on the treated rats were performed as previously described but modi- 
fied*'~*. Briefly, rats were fasted for 6 h and anaesthetized with an intraperitoneal 
injection of sodium pentabarbitone (60mgkg '). Surgery to insert a carotid 
catheter was performed as described later. A basal blood sample was taken before 
an intraperitoneal injection of glucose (2 g per kg BW). Subsequent blood samples 
were taken at 15, 30, 45, 60 and 120 min, centrifuged and stored at —20°C until 
analyses of plasma glucose and insulin levels. Red blood cells were returned to the 
rats with equal volumes of heparinised saline between each sample time to prevent 
anaemic shock. 
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Histological analyses of pancreas. Pancreas from antibody-treated db/db mice 
were dissected and post-fixated in 4% PFA for 48h, subsequently processed for 
paraffin imbedding using standard procedures, and thereafter immunostained for 
insulin, glucagon and/or cleaved caspase 3. Briefly, antigen retrieval was performed 
on 12-1m sections using target retrieval solution, Citrate pH6 (Dako, product no. 
$2367), and heated at 98 °C for 10 min. Sections were incubated at 4°C for 12h 
with primary antibodies rat anti-insulin (R&D Systems, catalogue no. MAB1417), 
rabbit anti-glucagon (Millipore, catalogue no. AB932) or rabbit anti-cleaved cas- 
pase-3 (Cell Signalling, catalogue no. ASP175). Appropriate fluorescently labelled 
secondary antibodies (Invitrogen, Alexa fluor) were applied and sections were 
further incubated for 1h at room temperature, after which they were prepared 
for microscopy. 

All pancreatic islets stained for insulin and glucagon within each section were 
photographed with an Axio Vision microscope (Carl Zeiss) at X20 magnification. 
The islets were quantified using the Axio Vision Run wizard program for (1) total 
islet insulin staining (pixels), (2) total islet glucagon staining (pixels), and (3) 
glucagon staining within the inside core of the pancreatic islet (pixels). Finally, 
the area of each of the pancreatic islets was measured. 

Triglyceride content in isolated pancreatic islets. Pancreatic islets were analysed 
as described™*. Triglycerides were extracted with a previously published but modified 
protocol”’. Briefly, triglycerides were extracted in a high salt buffer (2 M NaCl, 2 mM 
EDTA, 50 mM sodium phosphate), after which a solution of chloroform methanol 
(2:1) was added and the sample was sonicated 3 times for 30 s. After centrifugation 
(4,000 r.p.m. for 15 min) the chloroform phase was collected and dried in nitrogen 
airflow and reconstituted in 30 ll of isopropanol. Triglyceride content in the pan- 
creatic islets was measured by a triglyceride kit (Infinity Triglyceride Reagent, 
Thermo Scientific), using a standard (Sigma) curve with isopropanol as a reference. 
Rat surgery for hyperinsulinaemic/euglycaemic clamps. After an overnight fast, 
rats were anaesthetized with an intraperitoneal injection of sodium pentobarbitone 
(60mgkg '), and heparinised saline (25U ml ') filled polyethylene catheters 
(Chrichley Electrical) were inserted into the right jugular vein and left carotid 
artery. The venous catheter was used for infusion and the carotid catheter for 
blood sampling. A tracheostomy was performed to prevent upper airway obstruc- 
tion. Body temperature was maintained at 37 °C and monitored throughout with a 
rectal temperature probe. Anaesthesia was adequately maintained throughout the 
procedures. 

Hyperinsulinaemic/euglycaemic clamps. All rats were infused with an initial 
2 min priming dose of radio-labelled glucose tracer [6-*H]-glucose at a rate of 
100 Bq min ~’ in 0.9% saline, followed by a constant infusion of tracer at a rate 
of 5.5 Bq min in 0.9% saline for the duration of the experiment (155 min in total) 
as previously described*****’. Insulin (Actrapid, Novo Nordisk) was infused during 
the clamp at a dose of 4mUkg ~*. Blood glucose was maintained at euglycaemia 
with a 5% glucose solution for the control HFD group and a 10% glucose solution 
for the control chow and 2H10 HED groups. Plasma samples were taken at 90, 100 
and 110 min. To determine glucose uptake into muscle and heart tissues, the 
labelled 2-[1-'4C] -deoxyglucose technique was used as previously described***°**"?. 
Determination of whole body glucose turnover in rats. To determine whole 
body glucose turnover, rat plasma samples collected at 90, 100 and 110 min during 
the hyperinsulinaemic/euglycaemic clamp were treated, processed and mea- 
sured for the level of [6-*H]-glucose radioactivity, as previously described by 
our laboratory****”». Briefly, a 25 11 aliquot of plasma was treated with equal volumes 
of 0.3 M barium hydroxide and 0.3 M zinc sulphate, centrifuged, and 50 il of super- 
natant passed through an anion exchange column (1.5 ml of Dowex 2X8-400 anion 
exchanger) to remove labelled lactate and pyruvate. Glucose was eluted from the 
column with 4 ml of milliQ water and 10 ml of scintillant (Ultima Gold, PerkinElmer) 
added and radioactivity determined using a Packard 1900CA TriCarb liquid scintil- 
lation analyser (Packard). 

Statistics. In all figures, data are presented as mean + s.e.m. from pooled data of 2-3 
independent experiments. P values were calculated with one-way ANOVA and two- 
tailed independent Student’s t-tests, and P < 0.05 was considered significant. 
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Initiation of transcription- 


coupled repair 


characterized at single-molecule resolution 
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Transcription-coupled DNA repair uses components of the tran- 
scription machinery to identify DNA lesions and initiate their 
repair. These repair pathways are complex, so their mechanistic 
features remain poorly understood. Bacterial transcription- 
coupled repair is initiated when RNA polymerase stalled at a 
DNA lesion is removed by Mfd, an ATP-dependent DNA translo- 
case’*. Here we use single-molecule DNA nanomanipulation to 
observe the dynamic interactions of Escherichia coli Mfd with 
RNA polymerase elongation complexes stalled by a cyclopyrimidine 
dimer or by nucleotide starvation. We show that Mfd acts by 
catalysing two irreversible, ATP-dependent transitions with differ- 
ent structural, kinetic and mechanistic features. Mfd remains 
bound to the DNA ina long-lived complex that could act as a marker 
for sites of DNA damage, directing assembly of subsequent DNA 
repair factors. These results provide a framework for considering 
the kinetics of transcription-coupled repair in vivo, and open the 
way to reconstruction of complete DNA repair pathways at single- 
molecule resolution. 

In bacteria, the Mfd protein couples transcription and nucleotide 
excision repair (NER). Mfd is a superfamily 2 ATP-dependent DNA 
translocase’” (Supplementary Fig. 1) with two distinct functions: first, 
it recognizes a stalled RNA polymerase (RNAP) and uses the energy of 
ATP hydrolysis to dissociate the RNAP-DNA elongation complex 
(RD,). Second, Mfd recruits UvrA, a component of the Uvr(A)BC 
excinuclease machinery. As a consequence of Mfd action, bulky lesions 
that stall RNAP are repaired more efficiently than similar lesions 
repaired by the transcription-independent global NER pathway’. 
Transcription-coupled repair (TCR) in eukaryotes is more complex, 
but the functional homologue of Mfd in humans (CSB, also known as 
ERCC6) is also a superfamily 2 DNA translocase’. 

Although the role of Mfd in the recognition and dissociation of a 
stalled RD, has been well-studied genetically**®, biochemically” 
and structurally'’*, the mechanism by which Mfd promotes RD, 
dissociation has not been determined. Because Mfd can rescue back- 
tracked RD,, it is thought that it acts by pushing RNAP downstream, in 
what is termed the forward-translocation mechanism’. Furthermore, 
identification of a specific interaction between Mfd and RNAP that is 
required for Mfd function led to the proposal that Mfd simultaneously 
interacts with RNAP (by means of its RNAP-interacting domain) and 
with DNA (by means of its ATPase domains)’”, allowing its translo- 
case activity to generate positive torque on the DNA, wrenching shut 
the transcription bubble and thus destabilizing RD,'*"*. 

To investigate the mechanism of action of Mfd on stalled RD,, we 
developed a single-molecule assay allowing us to monitor Mfd inter- 
actions with single stalled E. coli RNAP molecules in real time’” (Fig. 1a 
and Supplementary Fig. 2). Here the mechanical properties of a 
nanomanipulated DNA are used to detect a single RNAP initiating 
transcription, progressing to form RD,, and dissociating after reaching 


a terminator” (Fig. 1b). By omitting cytidine triphosphate (CTP), we 
can stall RNAP at position +20 of the template for an indefinite 
amount of time””° (Fig. 1c and Supplementary Fig. 3). 

A single-molecule time-trace obtained when Mfd is present during 
the RNAP stall indicates that Mfd forms a remarkably long-lived 
intermediate, denoted I (Fig. 1d). Analysis of changes in DNA exten- 
sion during formation and resolution of I provides information on its 
structural properties (Supplementary Fig. 4 and refs 18, 19), revealing 
that, in the intermediate, at least two-thirds of the transcription bubble 
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Figure 1 | Experimental approach and real-time dissociation of stalled RD. 
by Mfd. a, A linear, 2 kb double-stranded DNA containing a promoter, a 
transcribed region and a terminator is extended and supercoiled by anchoring it 
to a glass surface at one end and a 1-j1m magnetic bead at the other, and 
manipulating the bead using a magnetic field: RNAP-DNA interactions are 
observed in real-time using videomicroscopy-based bead tracking to measure 
changes in DNA conformation (see Supplementary Fig. 2 and ref. 17). b, Single- 
molecule time-trace showing two complete transcription events. Green points, 
raw DNA extension data (31 Hz); red points, data averaged over approximately 
1s. Black lines indicate the DNA extension for the initial state, the RNAP- 
promoter initial transcribing complex (RP;,.) during which DNA scrunching 
occurs, and the ternary elongation complex (RD.). The increase in extension 
from RP, to RD, corresponds to promoter escape, and the increase in 
extension from RD, back to the initial state corresponds to termination. 
c, Representative time-trace obtained when CTP is omitted. RNAP stalls 
~5 base pairs (~0.5; ref. 17) after promoter escape. Termination is not 
observed. d, Representative time-trace obtained as in c, but in the presence of 
100 nM Mfd. Return to the initial state takes place by two distinct increases in 
DNA extension that occur, respectively, t; and t; + f seconds after promoter 
escape. In the intervening time a stable, long-lived intermediate is formed, here 
labelled I. 
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is rewound and the DNA is bent by approximately 90°. As perman- 
ganate footprinting suggests that the transcription bubble is rapidly 
and fully rewound by Mfd action (Supplementary Fig. 5), the DNA 
deformation observed in the intermediate is probably due to bending/ 
wrapping interactions between proteins and DNA rather than residual 
unwinding in a partially collapsed transcription bubble. 

Pulse-chase experiments show that both formation and resolution 
of the intermediate require ATP binding (Fig. 2a, b) and hydrolysis 
(Supplementary Figs 6 and 7). Moreover, when we trap the intermedi- 
ate with a wash step that removes both ATP and free Mfd from 
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Figure 2 | Mfd ATP usage and displacement of stalled RNAP. Arrows 
indicate wash steps for trapping and release of the intermediate. For clarity, we 
present 200-s snapshots of the states thus obtained. a, ATP is required for 
formation of the intermediate. Stalled RD, is formed, then trapped by washing 
out (blue arrow) free RNAP and nucleoside 5’-triphosphates (NTPs). After 
addition of Mfd (200 nM), DNA extension is unchanged. When supplemented 
with ATP (2 mM) (orange arrow), the intermediate forms. b, ATP is required 
for release of the intermediate. Stalled RD, is formed and trapped as above. 
After addition of both Mfd and ATP (first orange arrow) the intermediate 
forms. After washing out free Mfd and ATP (second blue arrow) the 
intermediate is stable for thousands of seconds. After adding back ATP (second 
orange arrow) the intermediate is resolved. c, After intermediate formation, 
stalled RNAP is displaced from its promoter-proximal stall site. Black arrows 
indicate transcription initiation events; red arrows indicate intermediate 
formation. The first initiation event (first black arrow) is followed by 
intermediate formation (first red arrow), a second RNAP can then initiate 
transcription (second black arrow) and become stalled, forming a new substrate 
for another Mfd to displace (second red arrow). No reloading by a second 
RNAP occurs in the absence of Mfd (Supplementary Fig. 3). 
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solution we find that adding back only ATP is sufficient to allow 
resolution of the trapped intermediate (Fig. 2b). Thus, the same 
molecule of Mfd is responsible for formation and resolution of the 
intermediate. Finally, we occasionally observe that after formation of 
the intermediate, a second RNAP can bind to the promoter, initiate 
transcription, stall, and become a target for a second molecule of Mfd 
(Fig. 2c). No such reloading events are observed when RNAP is stalled 
in the absence of Mfd (Supplementary Fig. 3). Thus, as Mfd modifies 
the structure of RD, it also clears the transcription start site for a new 
RNAP to initiate”. 

Surprisingly, single-molecule experiments with Mfd alone show 
that in the nucleotide-bound state (that is, in the presence of ATP- 
y-S but not in the presence of ATP), the protein distorts the DNA ina 
pattern characteristic of unwinding or wrapping (Supplementary Figs 
6 and 8). In the presence of ATP, Mfd distorts the DNA provided that 
core RNAP is present at high concentration in solution (Supplemen- 
tary Fig. 8). Because permanganate attack of DNA in the presence of 
Mfd and ATP-y-S detects no unwinding (Supplementary Fig. 6), this 
distortion is most likely due to partial, left-handed wrapping of DNA 
about Mfd. However, in contrast to the remarkably stable nature of the 
Mfd-containing TCR intermediate in all nucleotide conditions tested, 
the Mfd-~-DNA complexes in Supplementary Figs 6 and 8 are unstable 
as they do not persist after free Mfd is washed out. 

Real-time monitoring of the formation and resolution of the repair 
intermediate allows for its precise kinetic description. Although the 
mean lifetime ¢; of the stalled RD, decreases as the Mfd concentration 
increases (Fig. 3a), the mean lifetime tf of the intermediate complex is 
unchanged (Supplementary Table), confirming that the same mole- 
cule of Mfd is present throughout the reaction (Fig. 2b). Thus, forma- 
tion of the intermediate is expected to obey Michaelian kinetics 
according to: 


k k 
Mfd+RD, == Mfd-RD, —> I 
ky 
(in which k,, ky and k3 denote rate constants; I denotes intermediate), 
whereas disassembly of the intermediate is expected to depend on 
simple rate constants (see below). Fitting the mean lifetime data 
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Figure 3 | Kinetic characterization of the action of Mfd on RD,. a, Mean of 
RD, lifetime ¢ versus Mfd concentration, and fit to the Michaelis-Menten 
model. Error bars denote s.e.m. b, Full distributions of t, for [Mfd] = 50nM 
(n = 273 events) and [Mfd] = 750 nM (n = 281 events). Red curves denote 
global fits with a difference-of-two-exponentials according to the single- 
molecule Michaelis-Menten model (see Supplementary Materials and 
Supplementary Fig. 9). c, Distribution of reaction intermediate lifetime t, 

(n = 146 events). Red curve, fit with a normal distribution model with a mean 
of 335 + 15s and a standard deviation of 181s. Experiments were performed 
on DNA supercoiled by +4 turns. 
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for t; (Fig. 3a) yields Michaelis constant (Ky) = 760 + 350nM and 
1/k3 = 19+ 7s. Thus, formation of the intermediate is characterized 
by weak binding of Mfd to RD, followed by a remarkably slow 
catalytic step. 

The statistical distributions of dwell-times t; preceding formation of 
the intermediate (Fig. 3b) allow further resolution of K,, into the 
diffusion-controlled on-rate and the thermodynamically controlled 
off-rate of Mfd from RD,. The shape of the distribution—an exponen- 
tial rise followed by an exponential decay—is characteristic of a reac- 
tion with at least two intermediates, namely diffusion/docking of Mfd 
to RD, and a forward-catalytic event (see Supplementary Materials 
and ref. 21). Taking k; = 0.05s ' from our previous analysis of f, 
we obtain k, ~ 1.9 10°M~'s~' and k, ~ 0.11s_'. By performing 
a global fit to the distributions obtained at four different Mfd concen- 
trations (Supplementary Fig. 9), the constraint on k; can be relaxed, 
yielding ky = 1.6 X 10°+0.6X10°M 's ', k,=0.08+0.04s ', and 
k; = 0.059 + 0.01 s !, with a reduced a = 0.88, supporting the 
internal consistency of the data and the validity of the kinetic model. 

Surprisingly, the statistical distribution of intermediate lifetimes, t, 
(corresponding to resolution of the intermediate), is non-exponential 
(Fig. 3c). It tends instead to a normal distribution characteristic of a 
reaction consisting of several irreversible steps with equivalent rate con- 
stants. The data thus give t, = 335 + 15s and a standard deviation of 
181s. Variance analysis of this distribution suggests that a minimum of 
three irreversible events takes place during this time, each thus having a 
rate constant k, = 3/t. Pulse-chase analysis of ATP usage in this 
reaction indicates that at least one of these steps requires ATP hydrolysis. 

The data analysed here were collected using a substrate bearing five 
successive C residues on the non-template strand at the stall site, but 
the process leading to disassembly of the intermediate is not sequence- 
dependent as similar results were obtained when only one C residue 
was present (Supplementary Figs 10 and 11). Similarly, disassembly 
of the intermediate is only weakly torque-dependent, as a long- 
lived complex was observed using negatively supercoiled DNA: 
t = 180 + 40s (n = 16; data collected as described in Supplemen- 
tary Fig. 4). Finally, we analysed the interactions between Mfd and 
RNAP stalled on a cyclopyrimidine dimer located on the template 
strand (Supplementary Fig. 12). The kinetics of the entire pathway 
are essentially identical to those observed when RNAP is stalled by 
withholding a nucleotide. Indeed, a crystal structure of RNAP II stalled 
on a cyclopyrimidine dimer showed no conformational changes com- 
pared with elongation complexes stalled by nucleotide deprivation”. 

On the basis of these data, we propose a model to describe RD, 
displacement during TCR (Fig. 4). From a structural standpoint, the 
mechanism by which Mfd initiates displacement of the stalled RNAP 
involves sufficient collapse of the transcription bubble to destabilize 
the stalled RD,”*. Concurrently, promoter-proximal DNA is cleared 
for another RNAP to initiate (Fig. 2c), indicating either forward trans- 
location of RNAP or full dissociation of RNAP. Mfd remains asso- 
ciated with the DNA long after the bubble collapse. The source of the 
DNA deformation observed in the intermediate cannot be fully 
ascribed from our current data. On the basis of the observation that 
free Mfd is capable of distorting DNA, we favour a model in which 
the transcription bubble is fully collapsed after formation of the 
intermediate, and the residual DNA deformation observed in the 
long-lived intermediate is caused by Mfd (Fig. 4). Because Mfd alone 
does not form long-lived complexes on DNA, we propose that the 
intermediate is stabilized by a combination of Mfd-DNA interactions, 
Mfd-RNAP interactions (mediated by the RNAP-interacting domain) 
and, potentially, interaction of the Mfd-tethered core RNAP with 
DNA (Fig. 4). Binding of Mfd to RNAP derepresses the DNA trans- 
location domains of the helicase, and so the Mfd—DNA interactions in 
this activated ternary complex probably differ from those made by the 
isolated protein*’***. 

From a kinetic standpoint, the rate constants k,, k, and k; indicate 
that Mfd attempts binding to RD, several times before engaging 
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Figure 4 | Model of RNAP displacement by Mfd during TCR. Mfd 
kinetically discriminates the stalled RD,, and after ATP hydrolysis it disrupts 
RD, by collapsing its transcription bubble and clearing the RNAP from the stall 
site. Subsequently, further ATP hydrolysis events are required for activated Mfd 
(denoted Mfd*) to dissociate from DNA. RNA presumably dissociates after the 
transcription bubble collapse, but the moment of RNAP disassembly from 
DNA and Mfd is unclear. 


productively, and the rate-limiting step itself is slow. This suggests that 
Mfd kinetically discriminates stalled RD, from paused RD,”, as only 
stalled RD, is sufficiently long-lived to act as an Mfd target. This model 
is supported by our observation that the kinetics of displacement are 
the same for RNAP stalled at a CPD lesion or by nucleotide starvation. 
The slow catalytic event could be related to derepression of Mfd, which 
probably involves large conformational changes***. The intermediate 
I is formed in an ATP hydrolysis-dependent step, and Mfd then 
performs at least three irreversible steps before releasing the DNA. 
As ATP hydrolysis is required to proceed out of this intermediate state, 
we propose that Mfd hydrolyses a second ATP molecule, and possibly 
more, before dissociating. 

The lifetime of the intermediate is surprisingly long for an organism 
that repairs its DNA in much shorter times and which can divide every 
20 min; in vivo, downstream repair proteins may capture and process 
the intermediate, reducing this period. Nevertheless, the fact that the 
intermediate is reliably long-lived could ensure that repair compo- 
nents have ample opportunity to assemble. 

The recruitment of UvrA by Mfd to the damage site is not well 
understood. The interaction between UvrA and Mfd is inhibited by 
inter-domain contacts within free Mfd, and the interaction between 
Mfd and RNAP probably overcomes this inhibition by domain repo- 
sitioning (Supplementary Fig. 1 and refs 8, 11, 24 and 26-28). As Mfd 
has a central role in the recruitment of the NER machinery, it will be 
interesting to see how the addition of subsequent players (such as 
UvrA, UvrB and UvrC) affects the temporal properties of the system, 
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and from there to pursue bottom-up reconstruction of the full DNA 
repair pathway at single-molecule resolution. 


METHODS SUMMARY 


See legend to Fig. 1 for the Methods Summary; full Methods can be found in the 
Supplementary Information. 
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Brushing up 
on business 


Entrepreneurship training can open up new avenues 
for scientists. And it doesn’t take a business degree. 


BY NEIL SAVAGE 


fter 15 years as a practising cardiolo- 
A Catherine McGorrian enrolled 

in a PhD programme at University 
College Dublin (UCD), studying family risk 
factors for sudden cardiac death. To fulfil her 
credit requirements, she chose to undertake an 
optional course in entrepreneurship for scien- 
tists. “It just struck me as something really dif- 
ferent,’ she says, “something that wasnta skill 
you would pick up just anywhere,’ 


Her class attended a presentation from the 
Irish Marine Institute, based in Oranmore, 
about SmartBay — a network of sensors and 
communications technology attached to buoys 
and undersea cables that gathers oceano- 
graphic data and transmits them to research- 
ers. McGorrian wondered whether similar 
technology could be applied to one of her 
own interests: the portable defibrillators that 
are used widely to deliver regulating electric 
shocks to people having heart attacks. 

In an emergency, McGorrian wondered, 


how would someone know where to find a 
defibrillator, or whether it was charged and 
in working order? “I just thought, “There are 
these buoys in the ocean talking to each other 
and here I am on land, and I can’t tell if there’s 
a defibrillator in the next room.” 

So, taking what she had learned in the course 
and drawing on the resources of the Innova- 
tion Academy, a joint programme of the UCD 
and Trinity College Dublin, McGorrian put 
together a business plan for defibrillators that 
would transmit information on their location, 
their maintenance schedule and whether their 
batteries were charged. She entered it into a 
competition held by Enterprise Ireland, a gov- 
ernment organization that promotes business 
growth. She didn't win, but is still talking to 
business people about implementing her idea. 
The experience has convinced her that she will 
have other marketable ideas in future. 

In addition to McGorrian’s course, the Inno- 
vation Academy has launched a graduate cer- 
tificate in innovation and entrepreneurship, 
which takes the equivalent of seven weeks of 
study. It is one of a growing number of aca- 
demic programmes aimed at teaching sci- 
entists and engineers how the fruits of their 
research can become commercial products 
or seed companies. The development of such 
programmes has been promoted by govern- 
ments, which see the creation of businesses — 
especially technology-focused ones — as an 
economic driver. 


BREADTH NOT DEPTH 
Scientists who want to learn about entrepre- 
neurship can spend one or two years of full- 
time education earning a master’s degree in 
business administration (MBA). But many 
institutions offer more focused options, with 
programmes that teach enough finance, mar- 
keting and management for scientists and 
engineers to learn how to apply their strengths 
to the commercial world. “We're not going to 
make them into financiers. We're not going to 
make them into marketers,” says Jeanne Sim- 
mons, associate dean of the Graduate School 
of Management at Marquette University in 
Milwaukee, Wisconsin. “We're not trying 
to give them this full-blown MBA. We want 
to give them the knowledge to ask the right 
questions.” Such focused options range from a 
course or two during or after a normal degree 
programme to a certificate in entrepreneurship 
(see “Training top-up). 

Business courses are often geared towards 
bioengineers, biomedical researchers and > 
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> computer scientists. But good ideas can 
come from anywhere, and entrepreneurship 
classes can be useful for people from any dis- 
cipline. More important than background, say 
educators, is a willingness to take risks, to think 
in new ways and to 
put up with the lack 
of security and sup- 
port that comes from 
being self-employed. 
Entrepreneurship is 
hard for most faculty 
members, says Alistair 
Fee, who teaches busi- 
ness in the School of 
Mechanical and Aero- 
space Engineering at 
Queen’s University 


“We want to Belfast in Northern 
give them the Ireland. “It is differ- 
knowledge to ent from research and 
ask the right publishing. It moves 


questions.” 
Jeanne Simmons 


at a fast pace,’ he says. 

A business degree 
costs a lot of time 
and money. An MBA in the United States, for 
example, can require 45-50 course credits — 
four semesters of work or more. Marquette 
offers a more accessible option: a Certificate 
in Entrepreneurship that takes only 16 credits. 
The first set of students graduated in May. Sim- 
mons says that the course provides a ground- 
ing in the basic principles of entrepreneurship, 
helping scientists to decide, for instance, 
whether a product actually fills a need in the 
marketplace or can be sold at a reasonable 
price. It also helps researchers to hire the right 
business people, should they build a company 
that grows. 

Courses and certificates of this type often 
offer more breadth of knowledge than depth, 
focusing on skills such as forming market strat- 
egies, finding venture money, creating teams 
and managing cash flow. “I’m not an expert in 
any of these things,” says John Melas-Kyriazi, a 
graduate student in materials science and engi- 
neering at Stanford University in California and 
an alumnus of the Mayfield Fellows Program, 
a nine-month work-study course run by the 
Stanford Technology Ventures Program. “I 
know alittle bit about a lot of things,” he adds. 
Melas-Kyriazi, who wants to develop bet- 
ter storage systems for wind and solar power, 
appreciates what the programme taught him 
about founding and running a business. “If 
youre looking to change the world and make 
a positive impact; he says, “one of the ways of 
doing it is commercializing your technology.” 

Entrepreneurial education need not lead to 
a start-up, says Tim Keane, entrepreneur in 
residence at Marquette, who helped to develop 
the university's entrepreneurship programme. 
Business skills and knowledge make scientists 
more attractive to venture-capital firms look- 
ing for advice about promising technologies. 
“Helping people understand what the game 


is, even if all they do is go work for an entre- 
preneurial company, I think that is a big deal,” 
says Keane, who has founded and sold a web- 
analytics company, Retail Target Marketing 
Systems, and launched a venture-capital fund 
called the Golden Angels Network. 

“Tt’s also about being more entrepreneurial 
no matter what they do,’ says Karen Wilson, 
an adviser and board member of the European 
Foundation for Entrepreneurship Research, 
which is headquartered in Hilversum, the 
Netherlands, She adds that business courses 
can promote willingness to take risks, think 
creatively and lead rather than follow. “It’s not 
only for the Bill Gateses and Richard Bransons 
of the world” 


CHANGE YOUR THINKING 

At their core, these courses teach science- 
related problem solving, says Matt Harvey, 
content and communications editor for Stan- 
ford’s entrepreneurship courses, which cover 
how to choose an idea and license intellectual 
property from a university. Harvey says that 
Stanford doesn’t measure success in terms of 
how many start-ups its graduates found, but 
how well they learn to identify, fill and profit 
from an unmet need in the marketplace. He 
mentions Stanford graduates Kevin Systrom 


and Mike Krieger, both of whom were May- 
field fellows. They founded the online photo- 
sharing service Instagram, which they sold to 
Facebook this year for US$1 billion. But Har- 
vey insists that the value of their education 
doesnt lie in that one sale, however lucrative: 
“The story is not about Kevin and Mike found- 
ing Instagram. The story is what are they going 
to do for the next 10, 20, 30 years, because 
they’re problem solvers,” he says. 

In his own course, Fee uses a poetry contest 
to help engineers think in ways they’re not used 
to. “Tve had young men in tears in my office say- 
ing ‘I can't write poetry,” he says. “The point is 
to get the students to explore their emotional 
soul, if you like” He feels that poetry heightens 
awareness of language, helping people to learn 
when to be precise and when to be imaginative. 
Fee also emphasizes the importance of draw- 
ing connections between disparate subjects. 
He argues, for example, that connecting ideas 
from origami and cardiology led to the creation 
of stents that can be folded to fit into an artery. 

Learning creative problem-solving often 
requires hands-on classes, not passive lectures. 
Accordingly, entrepreneurship courses seldom 
run on the model of the large lecture courses 
that are common in undergraduate science. 
Students “dont sit in a classroom listening to us 


COURSE OPTIONS 


Training top-up 


There are plenty of programmes and other 
resources for scientists and engineers who 
want to sample entrepreneurship without 
pursuing a business master’s degree. 

In the United States: 
@ Rensselaer Polytechnic Institute’s Lally 
School of Management and Technology in 
Troy, New York, runs a one-year master of 
science in technology commercialization 
and entrepreneurship. 
@ The Child Family Institute for Innovation 
and Entrepreneurship at the University of 
California, Davis, has a one-year business 
development certificate for graduate 
students and postdocs in science and 
engineering. 
@ The Maryland Technology Enterprise 
Institute at the University of Maryland, 
College Park, runs courses and online 
programmes including a degree minor in 
technology entrepreneurship. 
@ The Marshall School of Business at the 
University of Southern California in Los 
Angeles offers a graduate certificate in 
technology commercialization. 

In Europe: 
@ The Innovation Academy at University 
College Dublin and Trinity College Dublin 
offers PhD students a graduate certificate in 
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innovation and entrepreneurship. 
@ The Management of Technology and 
Entrepreneurship Institute at the Swiss 
Federal Institute of Technology in Lausanne 
lets master’s students from other university 
departments minor in management, 
technology and entrepreneurship. 
@ The Strascheg Center for 
Entrepreneurship in Munich, Germany, 
together with Munich University of Applied 
Sciences, provides entrepreneurship 
courses including a two-semester 
certification programme in innovation and 
entrepreneurial spirit. 
@ The Centre for Entrepreneurship at Delft 
University of Technology in the Netherlands 
offers courses in finance, product 
development and marketing. 

Available globally: 
@ The Kauffman Foundation in Kansas 
City, Missouri, runs the Global Scholars 
Program, which allows graduates in science, 
engineering and technology from around the 
world to study with successful entrepreneurs 
in the United States for six months. 
@ The Stanford Technology Ventures 
Program at Stanford University in California 
offers free videos of talks by entrepreneurs 
at http://ecorner.stanford.edu. N.S. 


tell them what we think. They’re out expe- 
riencing things,’ says Suzi Jarvis, a UCD 
biophysicist and co-director of the Innova- 
tion Academy. 

Keane divides students into teams with 
different disciplinary backgrounds, and 
describes real-life financial and personnel 
issues that have faced the founders of Zipcar, 
a car-sharing service based in Cambridge, 
Massachusetts. The students have to come 
up with ideas about how to address those 
issues — first individually, then as a team. It 
is often hardest for them to grasp that there 
is no one correct solution, says Keane. 

To learn how creativity translates into 
business success, students often hear talks 
from accomplished entrepreneurs. Not 
only do such talks provide important net- 
working opportunities, but they can also 
give students a different perspective on 
entrepreneurship. “If people in engineer- 
ing and science dont have any exposure to 
entrepreneurs, they may think “That's only 
for business people. That’s only for people 
with MBAs. That’s only for people who 
arent like me,” says Wilson. 


IDEAL APPROACH 
For scientists interested in entrepreneur- 
ship, Wilson recommends dipping a toe in 
with a single course, or searching the web 
for one of the many conferences held on 
the subject every year. The website Tech- 
Crunch, for instance, runs the biannual 
Disrupt conference, at which start-ups can 
demonstrate their technology and compete 
for amonetary prize. The Kauffman Foun- 
dation, based in Kansas City, Missouri, 
joined with Enterprise UK in London to 
create Global Entrepreneurship Week, 
which covers a variety of events around 
the world. O’Reilly Media in Sebastopol, 
California, a publisher of computer-related 
books, holds regular Ignite events, at which 
people give 5-minute talks about their pas- 
sions, which could include start-up ideas. 
Wilson strongly suggests getting some 
work experience before trying to start a 
company. Although famous successes such 
as Facebook give the impression that gradu- 
ates can immediately build a billion-dollar 
company, most successful entrepreneurs 
actually have a decade or more of business 
experience. Wilson herself studied applied 
mathematics as an undergraduate, and 
after working for a couple of years, went to 
Harvard Business School in Boston, Mas- 
sachusetts. Her only regret is that she didn't 
work for longer, perhaps gaining experi- 
ence at a second company. “Go and make all 
your mistakes at somebody else's expense,” 
agrees Fee. “Learn how difficult it is to get 
projects off the ground” m= 


Neil Savage is a freelance writer based in 
Lowell, Massachusetts. 


TURNING POINT 


CAREERS 


Craig Bennett 


Craig Bennett, a postdoc in cognitive 
neuroscience at the University of California, 
Santa Barbara, has highlighted the prevalence 
of statistical errors in interpretations of 
functional magnetic resonance imaging 
(fMRI) data. He showed that such errors can 
lead to ambiguous and sometimes absurd 
results, such as registering brain activity 

in a dead salmon (C. M. Bennett et al. 

J. Serendipitous Unexpected Results 1, 1-5; 
2010). On 20 September, Bennett accepted 

an Ig Nobel Prize — a riff on the Nobel prize 
that recognizes unusual research — for his 
work. He describes how the fishy findings have 
affected the field and his career. 


Did you conduct a ‘dead salmon’ experiment? 
No. We do a lot of calibration and testing before 
undertaking fMRI studies, to make sure that 
the scanner is working before we put a human 
into it to measure their brain activity. One of my 
PhD advisers and I made a game out of finding 
all kinds of things to scan, from a pumpkin to 
a game hen to a salmon. But there was no rea- 
son to dig into the results until about five years 
ago, when my other adviser was lecturing on 
false positives and asked me to find some good 
data. It was pure luck that we found them in the 
salmon’s brain. 


How did the story evolve from there? 

False positives in fMRI studies had caused 
increasing concern in neuroscience. The 
dead salmon was a good example of how an 
improperly corrected threshold value — which 
separates the signal from noise — could com- 
promise results. We submitted our findings as 
a poster to the 2009 Human Brain Mapping 
conference in San Francisco, California, and 
at first colleagues thought it was a joke. Ulti- 
mately they included it, but we realized that 
we would face challenges in trying to publish. 


What sort of challenges? 

We knew that the article could mean that our 
statistics would receive closer scrutiny. We 
have experienced some of that, but it keeps us 
on our toes. Our work has improved — we are 
meticulous about analyses. 


What happened when you submitted the 
dead-salmon paper? 

We tried to get it published in two major 
neuroimaging journals. One rejected it and 
the other sent it out for review. One reviewer 
said it was fantastic; the other gave us a hateful, 
livid review that sunk it. But less-mainstream 
journals were clamouring for the paper. We 


went with the Journal of Serendipitous and 
Unexpected Results, which led to other publica- 
tions and fostered a debate on statistical errors. 


Has the field changed? 

In the salmon paper, we did a meta-analysis of 
major journal articles and found that 25-40% 
of neuroimaging papers that we studied were 
not properly correcting for threshold values. 
We surveyed a couple of journals last year as 
a follow-up, and found that fewer than 10% of 
people are now using incorrect statistics. The 
decline is not all attributable to the salmon 
paper, but it is all progress. We gave the field 
a kick in the pants — and I’ve heard that a lot 
of groups reviewed the paper in lab meetings. 


Are you concerned that being an Ig Nobel 
winner might harm your career prospects? 

We were a tad worried, given that the Ig Nobel's 
original criterion was to recognize research 
that “cannot or should not be replicated”. We 
didn't feel that the salmon fell into that category. 
But when we got a call from Marc Abrahams, 
founder of the awards, he described their new 
context: recognizing science that “first makes 
people laugh, then makes them think”. That 
seemed appropriate, and we worried less. 


What is next for you? 

I am keeping track of job openings while I 
complete some research. I’m convinced that 
a big part of a successful job search is shap- 
ing your personal story. You need a coher- 
ent thread of research. I study how teens and 
adults make decisions, and I am interested in 
how best to analyse {MRI data to answer these 
questions. I just co-authored a big review on 
fMRI reliability, and I will make clear in inter- 
views that all my work tells a coherent story — 
otherwise I would just be the ‘dead fish’ guy. m 
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